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I. INTRODUCTION 
Many soils contain large amounts of K that are located 
between contracted layers of micaceous minerals. This inter-
layer K must be released to more available forms before it can 
be used by plants. Moreover, the exchange of this interlayer 
K by hydrated cations constitutes one of the primary mechanisms 
by which micas can weather to form reactive clay minerals in 
soils. Thus, the processes and conditions governing interlayer 
K exchange and the mineral alterations stemming from a release 
of interlayer K attract a great deal of attention. 
The fact that micas differ in regard to their suscepti­
bility to interlayer K exchange is well known. Thus, direct 
comparisons of the K release behavior of several micas have 
been used as a means of studying the factors governing the ex­
change of interlayer K. Such comparisons have readily estab­
lished the existence of major differences between the diocta-
hedral and trioctahedral mineral groups, but explanations for 
these major differences and delineations of lesser differences 
among members of each group have not been fully resolved. 
Progress in the differentiation of dioctahedral micas has been 
particularly limited because most extraction methods achieve 
little exchange of interlayer K in these minerals. Triocta­
hedral micas, on the other hand, have proven to be quite sus­
ceptible to K depletion by several methods and, thus, have been 
more amenable to comparisons and simultaneous study by K 
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exchange, infrared, Mossbauer, and other techniques. This 
approach has produced many useful correlations between K ex­
changeability and OH orientation, F content, etc., but uncer­
tainties due to small differences among micas and interactions 
among factors that seem to be involved in interlayer K exchange 
have made it clear that other approaches are also needed. 
Considerable information about the exchangeability of in­
terlayer K in micas has been acquired by subjecting samples to 
specific pretreatments that might produce selective alterations 
in their K release behavior. By grinding or subdividing min­
eral samples, for instance, it has been shown that a reduction 
in particle size can not only alter the rate of K release but 
even make part of the interlayer K nonexchangeable. The ef­
fects of other pretreatments, therefore, must be evaluated in 
terms of the particle size employed. Even so, it has been 
obvious that further work with a variety of pretreatments could 
be quite useful. Since prior heating and wet chemical treat­
ments for structural Fe"^  ^oxidation have reputedly produced 
impressive changes in the exchangeability of interlayer K, 
these particular pretreatments were selected for this investi­
gation. In the application of these pretreatments, complica­
tions due to small particle effects were largely avoided by 
using coarse mica samples. 
Previous experiments with heated micas have established 
the fact that major changes in interlayer K exchangeability 
can be induced by thermal pretreatments. Both increases and 
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decreases in the rate of K release and even changes in the 
maximum degree of K exchange have been observed with preheated 
samples. In general, the effects of thermal pretreatments have 
varied with the type of mica and have been attributed to a pre" 
sumed occurrence of dehy droxylati on, Fe"^ "*" oxidation, and/or 
structural alterations in the mineral. Thus, it was antici­
pated that further work on the effects of preheating micas 
could provide much more information about the processes and 
conditions governing interlayer K release. Some of these pos­
sibilities were hereby developed by using a few well defined 
mica samples, a wide range of temperatures and heating periods, 
and parallel measurements of dehydroxylation, Fe^  ^oxidation, 
and K exchangeability in the mineral. 
Wet chemical treatments that have been used to oxidize 
structural Fe in soil vermiculite and bictite samples have 
reportedly caused an increase in the K-fixât ion capacity of 
the vermiculites and a decrease in the exchangeability of K in 
the biotites. These apparent changes in the affinity of mica­
ceous minerals for K have been attributed to the conversion of 
structural OH groups to 0 and the changes in the orientation 
of OK dipoles that are brought about by an oxidation of octahe­
dral Fe^ . Many of these concepts, however, need further veri­
fication—especially those stemming from biotite experiments— 
because there is some question as to whether Fe^  in mica can 
be oxidized by wet chemical methods. In some instances, a con­
version of the mica to an expanded state prior to or during 
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the oxidation treatment has been recognized. In others, the 
need for mineral expansion prior to or during the oxidation of 
Fe"*"^  in biotite by Brg-saturated solutions has been specifical­
ly rejected. Thus, a detailed study of Brg-treated mica was 
undertaken to determine the degree to which structural Fe^ "*" in 
contracted mica can be oxidized and the effects these redox 
changes in octahedral Fe can have on the exchangeability of 
interlayer K. 
IVhile this investigation was designed to select and de­
velop two independent methods of inducing changes in interlayer 
K exchange by mica pretreatments, it was intended that comple­
mentary results would be obtained. For instance, it was an­
ticipated that a direct comparison of the effects of Fe^  
oxidation by heat and Brg treatments on the indigenous K of 
micas would be made. Thus, much of the significance of this 
study lies in the correlation of independent data for a clari­
fication of the processes and conditions governing interlayer 
K exchange. 
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II. LITERATURE REVIEW 
A. Structure of Micas 
'The mica minerals as a whole show considerable variation 
in chemical and physical properties, but all are characterized 
by a platy morphology and perfect basal cleavage which is a 
consequence of their layered atomic structure (Deer et al. , 
1962). Around 1930 the classical studies of Bragg and his 
collaborators and of Pauling established the general geometric 
features of these layer silicate structures. 
Micaceous minerals in soils and clay minerals have proved 
even more difficult to characterize because of their small 
grain size and variable degree of crystal imperfection. The 
adoption of X-ray diffraction methods in clay studies helped 
solve some of these problems. Since 195^  Fourier and least 
squares methods have been used to determine atomic coordinates 
of layer silicates with much greater precision than before. 
Improvements in electron microscopy, infrared and differential 
thermal analysis equipment, the development of nuclear and 
isotope technology, of high speed electronic computers, 
MSssbauer spectrometers, and most recently of the electron 
microprobe and scanning electron microscope have all aided in 
the accumulation of more detailed information on both the 
micro- and the macro-crystalline micaceous minerals. 
/ 
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1. Ideal mica structures 
The basic structural feature of mica is a composite 2 : 1  
layer in which a sheet of linked (Al, Mg, Pe)0^ 0H2 octahedra 
is sandwiched between two sheets of linked (Si, A1)0^  tetra-
hedra. The two sheets of tetrahedra are arranged so that all 
the unshared oxygens (apical oxygens) of the linked tetrahedra 
point toward the center of the layer and are part of the cen­
tral octahedral sheet. That is, four apical oxygens of the 
tetrahedra are coordinated with two OH groups (or occasionally 
F) around each octahedral cation position. Isomorphous sub­
stitution of Al for as much as one-fourth of the Si in the 
tetrahedral sheet gives rise to a charge deficiency (layer 
charge) which is primarily balanced by cations (principally K) 
located between the hexagonal holes of adjacent tetrahedral 
sheets of a stack of 2:1 layers. These interlayer K ions 
electrostatically bind the silicate layers together. 
The micas are classified as being dioctahedral if two out 
of the three possible cation sites in the octahedral sheet are 
occupied (usually with Al^ )^ or trioctahedral if all three 
octahedral positions are filled (usually with Fe^ "^  and Mg^ '"' ). 
Muscovite is the most common dioctahedral mica. Its structural 
formula can be written as K2(Al^ )(Si^ Al2)02Q(0H,F)^ . Biotites 
are trioctahedral micas and have a structural formula of 
K2(Mg,Fe)^ (Si^ Al2)02Q(0H)^ , in which the relative abundance of 
the Fe and Mg can vary widely. Phlogopites are Mg rich members 
of the biotite series whereas biotites that are particularly 
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rich in Fe (Fe''""^  and Fe^ "^ "*") are referred to as lepidomelanes 
(Deer et al., 1962). 
The mica structures often exiiibit polytypism (a special 
case of polymorphism in layer-like structures) in which the 
differences in structural forms exist as a result of different 
stacking sequences of the 2x1 layers. The notation used to 
describe polytypic structure (Ramsdell's system) consists of 
a number that designates the number of layers in the unit cells 
and a letter for the resultant symmetry of the poly type (Rams-
dell, 1947). Polytypes that have the same structural symbol 
but different layer sequences are distinguished by subscripts. 
The two layer monoclinic foiro (ZM^ ) is the most common form 
for muscovite and the one layer monoclinic form (IM) is the 
most common form for biotites (including phlogopite and lepido-
melane). 
2o Structural refinements 
Though the main structural features of micas have been 
known for many years, there has been a growing interest in many 
of the details about their structure. Brown (1965) and Bailey 
(1966) have reviewed much of the literature on the refinements 
and interpretation of selected structural features of layer 
silicates. Much of the concern has obviously involved a better 
description of the tetrahedral sheet, the octahedral sheet, the 
interlayer region, and the way these units are combined to form 
stacks of mica layers. The dimensions of the octahedral and 
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tetrahedral sheets vary with the size, charge, and even absence 
of cations in the individual polyhedra (Bailey, 1966, 1975)* 
Recent structural refinements have shown, however, that many 
differences in the sizes of various octahedra and tetrahedra 
combinations can be accommodated by distortions in the mica 
structure from an ideal hexagonal arrangement. Such distor­
tions will also affect the interlayer cation sites and conse­
quently the strength with which K may be held by the differ­
ent micas. 
In the ideal mica structure, the surface of each layer 
consists of an open hexagonal network of basal oxygen atoms of 
the (Si, A1)0^  tetrahedra. Refined structural analysis has 
shown that this hexagonal network is distorted into a ditrigo-
nal configuration by an alternate clockwise and anticlockwise 
twist of the (Si, Al)0^  tetrahedra about an axis perpendicular 
to (001) planes (Radoslovich, I96O; Radoslovich and Norrish, 
1962). This tetrahedral rotation is generally accepted as one 
means by which the unit cell dimensions of larger tetrahedral 
sheets can be reduced to fit with smaller octahedral sheets. 
Since there are two directions the tetrahedra can rotate around 
the axis perpendicular to (001), there are two possible di-
trigonal structures for each mica layer (Franzini, I969). 
Strains from a potential mismatch in the sizes of tetrahedral 
and octahedral sheets in some 2:1 mica layers are also relieved 
by a thinning (and thus a lateral expansion and greater cation 
separation) of the octahedral sheet (Rayner and Brown, 1973). 
9 
In the case of dioctahedral micas, the tetrahedra surrounding 
vacant octahedral positions are tilted as well as rotated 
(Takeuchi, 1965) to articulate the tetrahedral sheet with 
smaller octahedral sheets. The trioctahedral micas, however, 
are almost free of vacant octahedral sites and thus are free 
of this tilting. 
The ideal tetrahedral and octahedral sheets of triocta-
hedral micas do not differ in size as much as those in diocta­
hedral micas. Consequently, the trioctahedral micas generally 
show less distortion of the surface hexagonal layer. Indeed, 
the octahedral sheet of some biotites tend to be larger than 
the tetrahedral sheet (Franzini and Schiaffino, I963). Thus, 
instead of the tetrahedra rotating to contract the tetrahedral 
sheet, the octahedral sheet has to be more contracted and 
thicker before it can articulate with the tetrahedral sheets. 
As a consequence of the rotation and tilting of tetrahedra 
in mica, the K located between successive 2:1 mica layers is 
not surrounded by 12 oxygens that are equidistant from the K. 
Instead, there are 6 nearby oxygen and 6 less close oxygens 
around each K ion. Since the degree or tetrahedral rotation 
and tilting varies, the interlayer K-0 distance will also vary 
and the bonding of interlayer K can be expected to be different 
in various micas. Tetrahedral rotation is more pronounced in 
dioctahedral micas. This increase in tetrahedral rotation 
shortens some of the K-0 bond lengths, produces a more pro­
nounced sixfold coordination, and makes the bonding of K 
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stroiîger in dioctahedral micas than it is in trioctahedral 
micas. When tetrahedral tilting exists, the surface oxygens 
of dioctahedral mica layers are not co-planar; instead some of 
the oxygens are raised 0.1-0.2 1 above the others and a cor­
rugated surface results. Thus, the space available between 
successive mica layers for K cannot be treated as the space 
between two plane surfaces. Moreover, the corrugations of 
adjacent layers may or may not mesh with each other depending 
on the stacking sequence, and depending on how they relate to 
each other they can influence the diffusion path and possibly 
the diffusion rate of interlayer K. 
Fonnulae have been developed that relate the sheet dimen­
sions of layer silicates with their chemical composition 
(Donnay et al., 1964; Tepikin et al., 1969; Radoslovic-h, 1962). 
Radoslovich (1962) determined the following regression equa­
tion for mica which relates its b-dimension to cation composi­
tion: b = (8.925 + 0.099K - 0.069 Ca + 0.062 Mg + O.II6 Pe"^ "*" 
+ 0.098 Fe"*"*"^  + 0.166 Ti) ± 0.03 X. Thus, an increase in the 
specified cations, except for Ca, would necessitate an increase 
in the b-dimension of the mica. The K and Ca in this formula 
are interlayer cations. Bums and White (I963) have observed 
that a removal of the K from a mica structure does shrink the 
b-dimension. Leonard and Weed (I967) have also shown that the 
b-dimension of micas varies with other changes in the inter­
layer cation. If the mica has more Mg and Fe"'"'" in its octahe­
dral layer, it is generally more trioctahedral, its b-dimension 
11 
is larger, and the tetrahedra are less rotated. And, due to 
differences in the coefficients for Fe^  ^and Fe' in the 
equation developed by Radoslovich, it can be expected that 
oxidation of Fe^  in mica will reduce the b-dimension and 
thereby could have an effect on the status of the interlayer K. 
According to Radoslovich (i960, I962), the K ion in musco-
vite and other dioctahedral micas is too large to fit into the 
distorted hexagonal cavities of adjacent tetrahedral sheets 
and, therefore, K may hold the layers slightly apart. A ce2> 
tain amount of layer separation also exists in trioctahedral 
micas (Drits, 1969; Tepikin et al., I969). Drits (I969) has 
suggested that the interaction of OH groups with K may be re­
sponsible for some of this layer separation in trioctahedral 
micas. The actual degree of layer separation should ultimately 
affect the strength with which K is held in this interlayer 
space. 
Cation ordering has been found to exist in both the tetra­
hedral and octahedral sheets of several micas (Bailey, 1966, 
1975; Brown, I965). Information of this type is necessary for 
an understanding of the local structure of mica. The vacant 
cation sites in dioctahedral micas do not occur at random but 
are located in a regular fashion so as to place the cations 
in occupied octahedral sites as far from each other as possible. 
Cations with high valence sometimes occupy two sites and leave 
the third, vacant or nearly so, or they occupy only one site 
when the other two are essentially filled with larger mono and 
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divalent cations. In trioctahedral micas, there are two types 
of octahedral cation sites (Goodman and Wilson, 1973; Annersten, 
197^ ) that differ in respect to the position of the surrounding 
OH groups, and there has been considerable interest in the 
distribution of Fe^  or Fe''' between these sites. In the 
tetrahedral sheet, there is evidence of ordering in the A1 for 
Si substitution. More detailed information of this kind is 
necessaiy for the understanding of chemical processes that 
take place at the atomic level, such as diffusion of K between 
the layers and the weathering or chemical alterations that in­
volve oxidation of Fe"*"*" in the mica, etc. 
Different stacking sequences of 2:1 mica layers produce 
structural forms known as mica polymorphs. Considerable atten­
tion has been paid in recent years to the different stacking 
sequences that are theoretically possible and to observing 
which polytypes are actually formed in nature (Smith and Yoder, 
1956; Bailey, I966; GUven, 1971)• The corrugation of the basal 
oxygen surface has often been cited as being responsible for 
the prevalence of regular stacking sequences in dioctahedral 
micas. A second important factor for controlling the stacking 
sequence in dioctahedral micas is the location of the vacant 
octahedral site. Trioctahedral micas, on the other hand, 
have relatively planar oxygen surfaces, and this has been cited 
as the reason for the frequency of 1-layer structures and 
irregular or random sequences of layers in trioctahedral micas. 
The stacking sequence and regularity of this sequence affects 
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the stability of the mica and as such can be expected to affect 
K release in micas. 
3. Hydroxyl orientation 
The orientation of the structural OH bonds in mica appear 
to have an important effect on the K release characteristics 
of mica. According to Serratosa and Bradley (1958a, 1958b), 
the trioctahedral micas exhibit OH bond axes normal to the 
cleavage flake, whereas dioctahedral micas exhibit OH bond axes 
nearer the plane of the cleavage flake. These differences in 
OH orientation can be explained by the attractive electrical 
forces that surround each OH group (Bassett, i960). In phlogo-
pite, for instance, the attractive forces of the three Mg ions 
which surround each OH are of equal strength and cause the OH 
dipole to be perpendicular to the cleavage plane. But when 
the forces become unequal, owing to the presence of an empty 
octahedron as in muscovite, the OH dipole is inclined with 
respect to the cleavage plane. The K in mica occupies the 
hexagonal cavity just above and below these OH groups. When 
the OH dipole is oriented perpendicular to the cleavage plane 
the H ion is in close proximity to the K, whereas in the in­
clined position the H of the OH dipole is further away from 
the K leaving K in the more electronegative environment of 0. 
According to Bassett (i960), the close proximity of H to K in 
trioctahedral micas makes K replaceability less difficult com­
pared to dioctahedral micas where OH are inclined. When F 
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ions replace OH, as they do in synthetic phlogopite, the re-
placeability of K by ion exchange is much reduced compared to 
natural phlogopite—again suggesting that the orientation of 
the OH dipole has an important bearing on interlayer K ex­
changeability (Bassett, I96O; Rausell-Colom et al., 1965). 
Nevman (I969) compared the K release characteristics of 
ten trioctahedral and three dioctahedral micas. He found that 
the F content of trioctahedral micas was the most important 
single factor that influenced their K release; however, when 
he considered both the dioctahedral and trioctahedral micas, 
he found the proportion of perpendicular OH groups to be well 
correlated with the K exchangeability of the micas. 
Most attempts to locate the position of the H in micas 
have been based on infrared evidence for the direction of the 
OH bond. With the aid of neutron diffraction, however, Rayner 
(1974) was able to make a direct determination of the position 
of the H of the structural OH groups in phlogopite, and found 
the three H-O-Mg angles formed by OH's associated with Mg in 
the octahedral layer were equal. Thus, he showed the OH bond 
is perpendicular to the layer and confirmed the interpretation 
of the infrared data for phlogopite. In addition, Rayner mea­
sured the distance from H to K in his phlogopite and found it 
to be 3.10 ± 0.02 1, which is considered to be a close ap­
proach for two positively charged atoms and one that would 
give a less stable structure than that in a corresponding 
fluoro mica. 
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Infrared studies (Farmer and Russell, 196?; Vedder, 1964; 
Vedder and Wilkins, I969) have shown that different populations 
of octahedral cations (including some vacancies) give rise to 
different OH inclinations. Thus, one could expect different 
degrees of OH-K repulsion among micas or even parts of mica 
that differ in octahedral composition. Any change in the octa­
hedral population of mica due to weathering or chemical altera­
tions could also be expected to alter OH orientation or content 
and thus have an effect on the K release behavior of the mica. 
4. Role of structural iron 
Some Fe can be found in the octahedral sheet of most di-
octahedral or trioctahedral micas. The muscovites and phlogo-
pites, however, generally contain very little Fe whereas the 
biotites are differentiated from phlogopite in having Mg:Fe < 
2:1 (Deer et al., I962). The biotites are often further sub­
divided, with those richest in Fe (Fe"^  ^and Fe*^ ' ' ) being called 
lepidomelanes. 
The Fe in unweathered biotite is predominantly in the Fe"'"'' 
form, but under natural weathering conditions, much of the Fe"'"'" 
can be oxidized to Fe**^ . This oxidation is generally accom­
panied by a loss of Fe from the octahedral sheet (Walker, 
19^ 9; Wilson, 1970). The status of Fe in weathering reactions 
has been investigated using MSssbauer spectroscopy (Rice and 
Williams, 1969; Yassoglou et al., 1972; Goodman and Wilson, 
1973), a technique that can distinguish between the oxidation 
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states of Fe and the types of bonding involved. The Fe in 
trioctahedral micas may occupy two types of sites, one desig­
nated where the OH groups are arranged adjacent to one 
another (cis) and one designated Mg in which the OH groups are 
on opposite sides of the octahedral cation (trans). Goodman 
and Wilson (1973) and Annersten (1974), however, have con­
cluded that there is little evidence that ordering of Fe"^  
or Fe^  ^in or M2 types of sites occurs in natural biotites. 
The weathering of biotite was found to be characterized by 
a rapid and extensive oxidation of Fe"*"'" in both and M2 sites 
(Goodman and Wilson, 1973). Weathering was also found to re­
sult in a loss of Fe from both and sites. This loss of 
Fe from the two kinds of octahedra occurred at a similar rate 
indicating that oxidation did not take place preferentially at 
any one site, although Fe"*"^  did appear to be more concentrated 
in the more distorted, sites of the highly weathered 
biotite. 
I i 
Fe oxidation is usually accompanied by vermiculitization 
of the biotite (Walker, 19^ 9; Wilson, 1970; Norrish, 1972); 
however, claims have been made that oxidation of Fe"*"*" in bio­
tite can occur without subsequent changes in its structure 
(Gilkes et al., 1972a, 1972b). Farmer and Wilson (1970) demon­
strated the importance of Fe^  oxidation in the transformation 
of biotite to hydrobiotite. They compared the vermiculitiza­
tion of biotite (treatment with 0.C5 K MgClg) with and without 
an active oxidizing agent (Br2) and found that the biotite was 
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altered to hydrobiotite only when cation exchange proceeded in 
conjunction with active oxidation. Likewise, Ross (1975) 
showed the importance of chemical oxidation of structural Fe^  
in the alteration of unoxidized chlorite to vermiculite. It 
had previously not been possible to alter unoxidized chlorite 
to vermiculite by laboratory techniques. By treating a high 
Fe chlorite with Brg-saturated H2O, however, he was able to 
form vermiculite in 3 weeks. When a low Fe chlorite was 
treated in the same way, very little alteration of the chlorite 
to vermiculite occurred even after 5 months of reaction. Fur­
thermore, alteration of the high Fe chlorite did not occur un­
less the oxidizing agent was added. 
In order to maintain electrostatic neutrality, the change 
in valence brought about by the oxidation of Fe"*"*" to Fe^ ** must 
be compensated for by other changes in the mica. Farmer et al. 
(1971) postulated three possible mechanisms by which charge 
balance could be maintained. These mechanisms can be described 
for the Fe^  end member (annite) of the phlogopite-biotite 
series as followst 
1. Loss of interlayer cations 
(Si^ A10iQ)Fe^ '^ (0H)2.K + 1/4 Og + 1/2 HgO-CSi^ AlO^ j^ Q) 
Fe^ Fe"^ (0H)2 + KOH 
2. Loss of OH protons 
(Si^ A10^ Q)Fe^ '^ (0H)2'K + 1/2 02-(Si^ AlO^ ^^ )Fe'^ +Fe^ + 
Og'K + HgO 
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3. Loss of octahedral Fe 
(SyA10]^ 0)?e^ ''(0H)2'K + 3/4 Og + 1/2 HzO-fSi^ AlOiQ) 
Fe^ (0H)2-K + FeO«OH 
The loss of interlayer cations represents a decrease in 
layer charge. In the natural weathering of biotites to ver-
miculite, charge reduction is primarily due to, and does not 
exceed, the oxidation of Fe^ .^ However, the converse is not 
true and very frequently there is considerably more oxidation 
than charge reduction (Norrish, 1972; Newman and Brown, 1966). 
The second possible mechanism of charge balance is often re­
ferred to as deprotonation. In this case, structural OH groups 
lose protons to compensate for the additional positive charge 
created by oxidation of Fe"^ "*" to Fe^ ^^ . Deprotonation has been 
well established in thermally oxidized biotites (Rimsaite, 
1970; White and Sharp, 1971) and has frequently been reported 
to occur when wet chemical oxidation of Fe^  occurs (Ismail, 
I97O; Farmer et al., 1971; Veith and Jackson, 1974). In the 
third mechanism, the excess positive charge created by the 
oxidation of Fe^  can be balanced by the ejection of octahe­
dral Fe. The loss of Fe and other octahedral cations has been 
verified in several laboratory experiments on the oxidation of 
Fe'"^  in biotites and vermiculites (Farmer et al., I968, 1971; 
Ismail, 1969; Gilkes et al., 1972a, 1972b) and has also been 
reported to occur in the natural weathering of biotite (Walker, 
1949; Wilson, 1970). 
Mineral alterations that are brought about by Fe"^ "*" 
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oxidation may have important effects on the K release behavior 
of micas. The decrease in layer charge associated with the 
loss of interlayer cations brought about by Fe^  oxidation may 
weaken the bonds holding residual K ions in the structure. A 
decrease in layer charge or loss of interlayer cations, how­
ever, does not always occur and is often quite small. On the 
other hand, deprotonation and octahedral Pe losses can occur 
in oxidized mica and based on Bassett's theory of OH orienta­
tion, both of these changes can enhance K retention in oxidized 
mica (Reichenbach, 1972). The loss of H from structural OH 
groups should strengthen K retention by eliminating the elec­
trostatic repulsion between the H and K. An ejection of octa­
hedral Fe will create an asymmetric charge distribution about 
some of the OH groups and cause the OH dipoles to be more in­
clined as they are in dioctahedral mica, and thereby cause the 
K to be more tightly held. Reichenbach has suggested that even 
the asymmetric charge distribution that would arise if Fe 
were oxidized to produce a (2 Mg, Fe"^ ^^ ) or (Mg, 2 Fe^ )^ 
condition in the three octahedral cation sites should cause 
OH*s to be inclined and the exchangeability of K to be altered. 
Farmer (1972), however, suggests that only vacancies created 
by Fe ejection will alter the orientation of OH's. In any 
event, the oxidation of Fe^  can directly or indirectly end up 
reducing the exchangeability of interlayer K. 
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B. Thermal Alteration of Micas 
There have been several excellent reviews of the responses 
of hydrous layer silicates and their related hydroxides to 
heating (Glasser et al., 1962; Brindley, 1963; Brett et al., 
1970). Some of the alterations that can be expected to occur 
in micas as a result of heating include dehydration, dehydroxy-
lation, deprotonation, oxidation, and recrystallization. Most 
of these alterations occur with temperatures in a range of 0 to 
950°C, but some recrystallization may require higher tempera­
tures. The present review will be largely confined to the ef­
fects of temperatures up to 950°C and will be developed in 
terms of the alterations that have been observed to affect the 
structural OH groups in heated micas. 
The exchangeability of interlayer K in micas may be con­
trolled to a large extent by the relative abundance of OH 
groups in mica and the orientation of the OH dipoles. Conse­
quently, the themal alteration of mica could have considerable 
impact on the K release behavior of micas. Therefore, it is 
important that we determine the factors that influence the 
alteration or decomposition of the structural OH groups, the 
mechanisms involved, and the changes that occur in the mica 
structure. 
1. Dehydration 
Dehydration is the loss of water that occurs when HgO 
molecules or structural OH groups are separated from mica 
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samples. Dehydration may "bring about some structural altera­
tions in the mica, and consequently dehydration may be a good 
index of the extent of alteration occurring in heated mica. 
Certain alterations, however, such as recrystallization are not 
necessarily related to dehydration. 
One of the simplest ways to measure dehydration is to 
record the loss in weight of the mica as it is heated to higher 
and higher temperatures (Grim, I968). Other methods, such as 
thermogravimetric analysis (TGA), differential thermogravi-
metric analysis (DTGA), and differential thermal analysis 
(DTA) may be used to investigate dehydration reactions. TGA 
and DTGA are variations of the weight loss method, whereas DTA 
is a method which determines the temperature at which thermal 
reactions take place. DTA will show characteristic endothermic 
reactions for dehydration in micas. 
Studies of dehydration in muscovite, biotite, and other 
micas have been reviewed by Grim (I968). Dehydration data re­
ported by various investigators for the micas have been quite 
variable. These variations in dehydration data are probably 
the result of using several different heating periods. As Roy 
(19^ 9) has shown, very great differences in HgO loss can occur 
if samples are heated at a given temperature for varying in­
tervals of time. Consequently, heating experiments must be 
carefully controlled with respect to temperature and period 
of heating. 
Roy (1949) heated several micas at increasing temperatures 
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for 24-hour periods. He showed that muscovite and phlogopite 
lost HgO gradually as they were heated up to about 800°C. 
Weight loss for the muscovite and phlogopite after heating at 
800°C was approximately 6^ . Heated biotite, on the other hand, 
lost HgO gradually as the temperature was increased to about 
400°C (about kfo weight loss); biotite then showed very little 
weight loss between 400 and 850°C (an additional 0.50 weight 
loss) and considerable weight loss between 850 and 1000°C 
(for a total weight loss of I'Si»)' 
Thermogravimetric analysis of muscovite carried out by 
Kodama and Brydon (1968) revealed that the loss in weight be­
tween 150 and 400°C was probably due to adsorbed HgO whereas 
the weight loss from 400 to 1000°C (4.49 ± O.l^ fo for different 
size fractions of the same muscovite) was in close agreement 
to the ideal structural OH content of the muscovite. The 
weight loss curves presented by Ko dama and Brydon did not show 
a gradual weight loss for muscovite as had been reported by 
Roy (1949). Instead they found a majority of the weight loss 
occurred in coarse mica samples between 500 and 700°C. As 
their particle size decreased, appreciable weight loss began 
to take place at lower temperatures and became quite pro­
nounced at 250 to 300°C for the 0.5-0.2 |im size-fraction of 
muscovite. Eberhart (I963, 1964) has also shown that weight 
loss may not be very gradual in muscovite. Very little weight 
loss occurred until their heating temperatures exceeded 650°C 
after which weight changes occurred rapidly. The maximum 
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weight loss reported by Eberhart was approximately which 
is similar to the results obtained by Kodama and Brydon. 
Vedder and Wilkins (I969) presented thermogravimetric data 
for two biotites and a phlogopite. They concluded that any 
weight loss below 500°C was due to adsorbed or occluded HgO 
whereas the weight loss between ^ 00 and 950°C was assumed to be 
due mainly to loss of structural OH's. 
Hogg and Meads (1975) attempted to correlate the thermo­
gravimetric data of biotite with that of Mossbauer and infrared 
data. The small weight loss that occurred in biotite samples 
that were heated to 150°C was considered to be due to desorp-
tion of HgO. With heating temperatures between 300 and 550°C, 
there was a Vfo weight loss that corresponded with Fe^  ^oxida­
tion and dehydroxylation. An increase in temperature from 550 
to 800°C caused little change in weight, but temperatures from 
850 to 1000°C produced a second large weight loss that corre­
sponded with the destruction of the biotite structure and 
formation of FegO^ . 
Roy (1949) reported that the muscovite structure was 
stable at temperatures up to 9^ 0®C but was destroyed by tem­
peratures between 9^ 0 and 980®C. Phlogopite lost its micaceous 
structure between 920 and 950°C, whereas Vedder and Wilkins 
(1969) reported that visible recrystallization occurred in 
phlogopite at about 1080°C while OH ions were lost from the 
structure. Roy found that the biotite structure persisted to 
about 1100°C. Other workers, however, have found that some 
24 
biotites decompose at lower temperatures, lOOO^ C (White and 
Sharp, 1971) or even 900®C (Hogg and Meads, 1975)« Akizuki 
et al. (1975) found that lepidomelane decomposed at different 
temperatures depending on the heating conditions. At , in 
air, some hematite was detected; however, for complete struc­
tural breakdown samples had to be heated at 1100°C for 3*5 
hours. 
As the mica structure breaks down, various products may be 
formed depending on the chemical composition of the mica. 
Muscovite has been reported to form spinel, corundum, mullite, 
leucite, sanadine, and tridymite; phlogopite may be converted 
to spinel, olivine, leucite, and kalsilite; and biotite may be 
transformed into leucite, mullite, hematite, magnetite, and Fe 
containing spinels (Roy, 1949; Brett et al., 1970; White and 
Sharp, 1971). Lepidomelane, an Fe rich biotite, has been re­
ported to fonn olivine, hematite, magnetite, and leucite 
depending on the conditions of heating (Akizuki et al., 1975)* 
2. Dehydroxylation 
Dehydroxylation is the process by which minerals lose 
their structural OH groups. These OH groups are lost through 
the formation of HgO. In muscovites dehydroxylation can take 
place either gradually or rapidly and at a wide range of tem­
peratures during dynamic and static heating treatments. Large 
well crystallized sheets of muscovite are resistant to thermal 
decomposition unless the temperatures are well above 500°C; 
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however, finely divided muscovite begins to lose its struc­
tural OH at an appreciable rate at temperatures as low as 
400°C (Gaines and Vedder, 1964). Kodama and Brydon (I968) 
presented TGA curves for various size fractions of a muscovite. 
Dehydroxylation was found to occur at progressively lower 
temperatures as the particle size decreased. 
Dehydroxylation can occur by either an homogeneous or 
inhomogeneous mechanism (Taylor, I962). The homogeneous mech­
anism involves a direct interaction between the OH groups of 
adjacent layers to form HgO molecules which can then diffuse 
away. Dehydroxylation by the homogeneous mechanism commences 
at the outer edge of the mineral and advances toward the center 
of the crystal. The inhomogeneous mechanism, on the other hand, 
assumes that the reaction takes place simultaneously throughout 
the bulk of the crystal. In this mechanism, the crystal de­
velops "donor" and "acceptor" regions during dehydroxylation. 
Octahedral Mg ions migrate from the "donor" to "acceptor" 
regions. A counter-migration exists, and OH protons migrate 
from the "acceptor" to the "donor" regions. MgO crystals de­
velop at the "acceptor" regions, and the H from the "acceptor" 
region combines with OH at the "donor" region to form HgO 
molecules which escape from the "donor" regions leaving 
intercrystalline pores. 
The trioctahedral Mg rich micas generally lose structural 
OH at higher temperatures than their dioctahedral analogues 
but recrystallize almost immediately, whereas the dioctahedral 
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micas tend to form stable dehydroxylates which recrystallize 
only after further heating (Brett et al., 1970). The decom­
position reaction of phlcgopite is usually interpreted in terms 
of an inhomogeneous mechanism (Nakahira and Kato, 196^ ; 
Nakahira, 1965; Nakahira and Uda, 1966; Brett et al., 1970), 
but the decomposition of muscovite is generally more complex 
(Nicol, 1964; Brett et al., 1970). 
Eberhart (1963) proposed a homogeneous dehydroxylation 
mechanism for heated muscovite. In Eberhart*s mechanism, 
neighboring pairs of OH groups interact to form a HgO molecule, 
and the leftover 0 ion occupies the vacant octahedral site, 
leaving the octahedral cations in fivefold coordination. Nicol 
(1964) concluded that dehydroxylation in muscovite could be ex­
plained equally as well by the inhomogeneous mechanism; however, 
the homogeneous mechanism has been favored by most other 
workers (Nakahira and Uda, 1966; Holt et al., 1964; Rouxhet, 
I97O; Vedder and Wilkins, I969). The infrared data presented 
by Vedder and Wilkins (I969) showed that when muscovite is 
dehydroxylated and then rehydroxylated, the OH ions return to 
their original sites, consistent with a homogeneous mechanism. 
Their data also indicated that SiO^  and AlO^  tetrahedra of 
heated muscovite were tilted from their original position 
during dehydroxylation. This is not inconsistent with the 
mechanism presented earlier by Eberhart in which repositioning 
of the 0 ion left over from OH condensation would lead to some 
distortion of the silicate layer. 
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Wardle and Brindley (1972) investigated the crystal 
structures of pyrophyllite and of its dehydroxylate. They 
concluded that dehydroxylation occurred by a homogeneous mech­
anism. In their proposed mechanism, adjacent pairs of OH react 
to form HgO and 0. The residual 0 ions remain in the layer 
structure and are located midway between the original OH sites, 
in the same plane as the octahedral A1 cations. Their mecha­
nism is similar to that of Eberhart (I963) in that the octa­
hedral cations of the dehydroxylate are no longer in octahedral 
coordination but in fivefold coordination. This change in 
coordination involves a displacement of A1 ions toward the 
vacant octahedral sites, a subsequent movement of 0 ions, and 
adjustments of the SiO^  tetrahedra. Dehydroxylation of 
pyrophyllite caused the a and b dimensions of the unit cell to 
increase due to the rearrangement of the A1 ions and the in­
sertion of 0 ions in the A1 planes. The increase in the c di­
mension upon dehydroxylation was thought to be related partly 
to the increased tilt of the SiO^  tetrahedra, which would in­
crease the effective thickness of each tetrahedral sheet and 
partly to the increased thickness of the octahedral sheet. 
Wardle and Brindley suggested that a similar type of structural 
rearrangement probably occurs in dehydroxylated muscovite. 
Brindley and Gibbon (I968) obseirved that the a and b parameters 
also increased in dehydroxylated kaolinite. They suggested 
that this increase vas due to reorganization of the octahedral 
sheets and an untwisting of the SiO^  tetrahedra. These 
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structural rearrangements due to dehydroxylation will un­
doubtedly affect the interlayer of mica. Tilting of SiO^  
groups with respect to (001) planes will produce corrugations 
running parallel to (110) planes on the "basal oxygen surfaces, 
and this could affect the retention of interlayer K. Cole 
(1969) has shown that the c dimension of muscovite increases 
with dehydroxylation. Vedder and Wilkins (I969) and Eberhart 
(1963, 1964) have reported increases in all unit cell dimen­
sions for dehydroxylated muscovite. The relative increase 
along the c and b axes, however, was considerably greater than 
the increase along the a axis. Eberhart (I963. 1964) has 
shown that these increases in the cell parameters occur during 
dehydroxylation and are the result of rearrangements in the 
structure. Tomita (1974) found that the b dimension of seri-
cites increased after heating at 800°C. He suggested that 
this increase in b may weaken or stretch the K-0 bond suffi­
ciently to enhance K release. 
The changes in the surface and internal structure of mica 
resulting from dehydroxylation produce strains in the mica that 
have been observed in phase-microscopic and transmission elec­
tron microscopic studies (Nakahira and Uda, 1966; Nakahira, 
1965). The strains appeared to be randomly distributed in 
phlogopite. This indicated that dehydroxylation in phlogopite 
proceeded by an inhomogeneous mechanism. In muscovite, how­
ever, the strains appeared as linear cracks running parallel 
to each other. This observation suggested that dehydroxylation 
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occurred by a homogeneous mechanism. Sabatier (1955) found 
the striations in dehydroxylated Muscovite were orientated 
along the a-axis and were associated with larger increases in 
cell dimensions along the b-axis versus the a-axis. 
The kinetics of dehydroxylation have also been investi­
gated (Gaines and Vedder, 1964; Vedder and Wilkins, 1969; 
Rouxhet, 1970)• The primary step in the dehydroxylation of 
Muscovite appears to be the formation of HgO molecules. The 
concentration of HgO molecules in the mica layer tends to ap­
proach a temperature dependent equilibrium value. If diffu­
sion of HgO molecules through the mica layer is a slow process 
compared with the attainment of equilibrium, the rate of the 
overall dehydroxylation process will be diffusion limited. The 
rate appears to be diffusion limited for muscovite at tempera­
tures below approximately 650°C. At about 700°C, however, the 
concentration of HgO molecules inside a thick sheet of musco­
vite reaches a point where the pressure is sufficient to pro­
duce delamination, which subsequently reduces the diffusion 
distance and correspondingly accelerates the loss of HgO. With 
finely divided samples, however, the pressure needed for de-
lamination does not build up, and diffusion remains the con­
trolling step over a wider range of temperatures. 
Kodama and Brydon (I968) reported the rate of dehydroxyla­
tion ("in vacuo") for microcrystalline muscovite was controlled 
by a two-dimensional diffusion process in the reacted product. 
The activation energy was found to be 5^  kcal/mole. Their 
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results suggested that dehydroxylation occurred by diffusion 
of HgO through a growing product layer which is consistent 
with the homogeneous decomposition mechanism. Rouxhet (1970) 
also studied the kinetics of dehydroxylation "in vacuo" but 
for macrocrystalline micas. The advantage of using large 
crystals was that the reaction could be followed using infrared 
spectroscopy. Rouxhet found that dehydroxylation in muscovite 
followed the homogeneous mechanism. Diffusion was the rate 
limiting step; however, Rouxhet thought that dehydroxylation 
could occur by the diffusion of either OH or HgO molecules 
through the mica layers. 
3. Deprotonation and iron oxidation 
In trioctahedral layer silicates, dehydroxylation gen­
erally occurs at higher temperatures than in dioctahedral 
layer silicates, and recrystallization generally occurs at 
about the same temperature. Wardle and Brindley (1972) sug­
gested a possible structural reason for the different thermal 
behavior. In the trioctahedral minerals there is less free­
dom of movement for cation and oxygen reorganization when re­
action occurs. There is no clear evidence that the triocta­
hedral hydrous silicates go through a dehydroxylated phase be­
fore final decomposition. Moreover, a deprotonated phase can 
occur if a sufficient number of octahedral positions are 
filled with Fe"*"^  . 
Many of the early investigations of thermal oxidation of 
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Fe^ "*" were carried out with minerals other than micas (Brindley 
and Youell, 1953; Addison and Sharp, 1962; Addison et al., 
1962). Brindley and Youell oxidized ferrous chamosite, a 
kaolin type mineral, by heating it in air at 400°C for 2 hours. 
They found the reaction to consist of a combination of oxida­
tion and deprotonation: Fe"*^  + OH" -* Fe"^ "^*" + 0 + H. In the 
absence of Og, however, this reaction could only account for a 
part of the OH*s that were lost from the mineral. Dehydroxyla-
tion was presumed to be responsible for the additional loss of 
OH. Examination of the oxidized chamosite revealed that the 
cell parameters had contracted. Brindley and Youell concluded 
that this was probably due to the change in the ionic radius 
of Fe, namely O.83X for Fe^  ^and O.67I for Fe^ ^^ . Addison 
et al. (1962) studied the oxidation of Fe^  ^in amphiboles 
while Addison and Sharp (1962) compared the mechanism of oxida­
tion in amphiboles, kaolinite, and montmorillonite. Much of 
the information obtained on Fe^  ^oxidation in these other 
minerals has subsequently been found to apply equally well to 
micas (White and Sharp, 1971; Rouxhet et al., 1972). 
Rimsaite (1970) found the decomposition of OH groups in 
biotite took place in three steps» 
1. 4 Fe"^ "^  + 40H" + Og - + HgO 
2. 4 Fe"*^  + 40H" - 4 Fe"^ "^ "^  + 4-0"" + 2H2 
3. 2 OH" - 0"" + HgO 
which depended on the temperature, the ratio of Fe^  ^to OH 
anions in the biotite, and the presence of atmospheric 02» 
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At low temperatures (450 to 650°C) in an Og-free atmosphere, 
oxidation by reaction 2 prevailed over dehydroxylation (reac­
tion 3). The proportion of dehydroxylation increased with in­
creasing temperatures to about 900°C. When Og was available, 
Fe^  ^in biotite was oxidized by reaction 1, and the mica lost 
OH as HgO. White and Sharp (1971) also made a study of the 
thermal reactions that occurred in biotite and agreed with the 
results of Rimsaite. However, they introduced a fourth reac­
tion for some of the oxidation of Fe^ .^ In the presence of 
air or O2 and temperatures of 520 to 605°C, reaction 1 was 
still thought to be the principal reaction as Rimsaite sug­
gested, but additional oxidation was thought to occur by a re­
action they referred to as oxygenation: 4 Fe"^ "^   ^Fe"*"^  
+ 20 . At temperatures in excess of 600°C, appreciable dehy­
droxylation was found to occur. 
White and Sharp (1971) found that oxidation by deprotona-
tion (reaction 1) proceeded until either all the Fe"^  were 
oxidized or until all the OH groups were consumed. Rouxhet 
et al. (1972) suggested that once the OH*s were consumed, oxi­
dation of the remaining Fe^ '^ probably took place by oxygenation. 
White and Sharp (I97I) have shown that oxygenation produces a 
superficial layer of oxide ions on the surface of the mica 
below 600°C, and subsequently oxygenation can only occur to a 
limited extent. At higher temperatures, ionic migration can 
occur and oxygenation is enhanced but may be accompanied by 
structural breakdown of the mica. 
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White and Sharp (1971) concluded that the oxidation of 
Fe"*"^  in biotite by deprotonation (reaction 1) probably occurred 
in a manner similar to that described by Addison et al. (1962) 
for Fe^  in crocidolite. Oxidation of Fe"^  ^in crocidolite was 
thought to occur on the surface of the mineral and was sus­
tained by the continuous migration of electrons and protons 
through the crystal. The protons were thought to move from one 
0 atom to the next until they reached the surface of the mica 
while a simultaneous migration of electrons occurred between 
Fe^  and Fe^  ^in the octahedral layer. Vedder and Wilkins 
(1969) suggested that electrons and protons do not move inde­
pendently but travel in tandem with the field produced by an 
electron jump inducing a proton to follow. 
Hogg and Meads (1975) favored the mechanism of oxidation 
described by Addison et al. (I962). They criticized the sug­
gestion put forth by Vedder and Wilkins on the grounds that 
if it were true, one would expect oxidation to occur even "in 
vacuo", and the protons would unite to form Hg molecules at 
the surface and thus be lost as Hg gas. Hogg and Meads con­
cluded that this did not occur to any great extent, but others 
have found that H2 can be produced when bi^ tites are heated in 
a vacuum (Rouxhet et al., 1972; Barker, I965). 
Biotites vary widely in their octahedral occupancy; the 
greatest deviations from full occupancy (rarely below 2.5 per 
3 available sites) generally occurring in the more Fe rich 
varieties (Deer et al., I962). Vedder and Wilkins (I969) found 
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that by heating biotite at no more than 400°C a few OH ions 
near octahedral vacancies were lost from the structure. In the 
same treatment period, however, a substantial proportion of the 
OH groups close to Fe^  ions in the structure were destroyed. 
At 500®C, however, both of the above OH groups (those close to 
octahedral vacancies and those close to Fe^  ^ions) were lost. 
The only OH groups that were not lost were those coordinated 
to three Mg ions. Vedder and Wilkins concluded that the loss 
of the OH groups close to octahedral vacancies in biotite 
occurred in the same manner as in muscovite, i.e., the local 
formation of HgO molecules from the reaction of OH groups 
across the vacancies and a subsequent release of the HgO by 
diffusion. Rouxhet et al. (1972) obtained similar results with 
heated biotite, in that the OH groups close to octahedral 
vacancies formed molecular HgO by a normal dehydroxylation 
process. 
Vedder and Wilkins (I969) found that less than 1^  weight 
loss occurred in biotite during heat treatment. This low 
weight loss was related to the initial high Fe content of 
biotite and a loss of Hg (deprotonation) instead of H2O (dehy­
droxylation) during heating. Any weight loss in biotite 
between 500 and 950°C was assumed to be due mainly to loss of 
OH near octahedral vacancies. This OH was lost at in 
powders and 850°C in large crystals and in less than 24 hours. 
On the other hand, the OH groups close to filled octahedral 
cation sites were not lost until the biotite was heated at 
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temperatures in excess of 1000°C. 
Hogg and Meads (1975) studied the thennal decomposition 
of biotite by using Mossbauer measurements. They found that 
substantial oxidation of Fe"*"^  took place at temperatures below 
400°C while dehydroxylation occurred at slightly higher tem­
peratures. Below 500°C, the oxidation of Pe^  ^resulted in 
Fe^  ' ' surrounded by five 0 and one OH, and Pe^ ^^  surrounded by 
six 0. At higher temperatures the Fe^ "^^  surrounded by five 0 
and one OH were converted into more Fe surrounded by six 0. 
Finally, in the temperature range 900 to 1000°C structural 
breakdown of the biotite occurred. 
Wones (1963) suggested that replacing the larger Fe^ "*" 
ions with smaller Fe"*^ "^  ions would shrink the octahedral sheet 
and force the tetrahedral sheet into greater ditrigonal distor­
tion. Wones showed that the a, b, and c dimensions of biotite 
all decreased with an increasing oxybiotite content. A de­
crease in cell parameters was also reported in oxidized am­
phiboles and kaolinites (Brindley and Youell, 1953; Addison 
and Sharp, 1962). Rimsaite (I967) heated several biotites and 
found the heat treatments produced a distinct contraction of 
the d(OOl) and d(OlO) spacings which correlated with the pro­
portion of oxidized Fe. 
C. Wet Chemical Oxidation of Micas 
When structural Fe in micas is oxidized by thermal treat­
ments , electrons from the Fe"*"^  are accepted by protons in other 
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structural groups. The Hg formed by this process is either re­
leased as a gas (Hg) or in the presence of atmospheric Og, as 
HgO, and no change in mica layer charge occurs. In contrast 
to thermal oxidation, oxidation of Fe in mica that is treated 
with aqueous solutions can only occur in the presence of an 
external oxidant which accepts the electron from the struc­
tural Fe oxidized, and one excess positive charge per oxidized 
Fe is added to the structure. The question of balancing this 
extra charge is still unresolved (Veith and Jackson, 197^ ) and 
has been the subject of much discussion in mica weathering re­
actions (Norrish, 1972). 
Most wet chemical oxidation treatments of micas in the 
laboratory have been carried out with sodium hypochlorite 
(NaOCl), hydrogen peroxide (HgOg), and Br2. In addition to an 
oxidation of Fe , however, these treatments can cause several 
side reactions which can alter other properties of the mica. 
These side reactions may include changes in layer charge, 
changes in the b-dimension, mineral dissolution, interlayer 
expansion, and particle size alterations. Consequently, the K 
release behavior of mica oxidized by wet chemical treatments 
may be quite different from that observed with thermally 
oxidized mica. 
1. Treatments for oxidation 
Oxidation of exposed Fe^  in micaceous minerals seems to 
occur quite readily at temperatures below 100°c and without 
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the mineral "being treated with strong oxidizing agents. Newman 
and Brown (I966), for instance, observed considerable Fe oxi­
dation in biotite that was vermiculitized in NaTPB solution. 
They postulated that interlayer expansion due to the removal of 
K made it possible for Og to diffuse into the mica particles 
I ^ 
and thereby oxidize structural Fe in the mica. Besson et al. 
(1975) demonstrated that the Og normally dissolved in H2O was 
sufficient to oxidize much of the Fe^  ^in vermiculite. Most of 
the Fe"*"*" in mica and probably some of the Fe^  ^in vermiculite, 
however, cannot be oxidized by atmospheric Og or the Og 
normally dissolved in HgO. In order to oxidize more of the 
Fe in these minerals or to increase the rate of Fe oxida­
tion, stronger oxidizing agents have to be used. Because these 
oxidizing agents are generally used in excess, they must have 
properties which permit their use without their interfering 
with any of the desired reactions or determinations, or the 
excess must be easily removed or destroyed. The oxidizing 
agents that have been used successfully to oxidize the octa­
hedral Fe"^  in micaceous minerals are NaOCl, HgOg, and Br2. 
a. Sodium hypochlorite NaOCl has been used to oxidize 
the Fe^  in biotite (Barshad and Kishk, I968; Juo and IVhite, 
1969). The biotite samples were treated repeatedly with a hot 
(70 to 80°C) % solution of NaOCl at pH 11.4. X-ray analyses 
showed the sample was partially converted to vermiculite by a 
replacement of some of the K with Na. Juo and White showed 
the oxidation of the Fe'*"'" by NaOCl treatments also changed 
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the orientation of OH dipoles in biotite. These changes in 
the OH bonds were attributed to the asymmetric electric field 
that was created by the oxidation of Fe^  ^to Fe**^ . 
b. Hydrogen peroxide HgOg is probably the most com­
monly used oxidizing agent. Ismail (1969)1 Juo and White 
(1969), and Ross and Rich (1974) used HgOg to oxidize the Fe"^  
in biotite. They used H2O2 in both buffered and nonbuffered 
solutions and at different temperatures up to 90°C. 2^'^ Z h&s 
also been used to oxidize the Fe"*"*" in montmorillonites (Kishk 
and El-Sheemy, 1974), vermiculites (Farmer et al., 1971; Veith 
and Jackson, 1974), and soils (Roth et al., I969). 
Veith and Jackson (1974) determined the quantitative ef­
fects of HgOg treatments on the structural OH and layer charge 
of biotites and vermiculites. They found the layer charge of 
these minerals did not change significantly when octahedral 
Fe was oxidized by H2O2 or reduced by dithionite. That is, 
electroneutrality was maintained in the octahedral sheet when 
Fe was oxidized or reduced. When Fe^  ^was oxidized, electro-
neutrality was maintained by deprotonation of octahedral OH 
groups and an ejection of octahedral cations. When Fe^ "^*" was 
reduced, electroneutrality was maintained by only a reprotona-
tion of the mineral. Any ejection of octahedral cations that 
occurred when the mineral was oxidized could not be reversed. 
Thus, the reversibility of oxidation-reduction reactions in the 
octahedral sheet decreased as the amount of ejected octahedral 
cations increased. The ejection of octahedral cations as a 
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result of Fe"^  oxidation with HgOg has been reported by others 
(Ismail, 1969; Farmer et al., 1971)» Ismail (I969) found that 
electroneutrality was maintained by the loss of octahedral 
cations if oxidation occurred under acid conditions and by 
layer charge reduction if oxidation occurred in neutral or 
alkaline environments. On the other hand, Ross and Rich (1974) 
reported that the loss of protons from structural OH was the 
dominant mechanism by which electroneutrality was maintained 
in biotites treated with HgOg* 
In studies on Fe"*^  oxidation where NaOCl or ^ 2^^ 2 been 
used, workers have generally relied on minerals with an ex­
panded phase (Roth et al., I969; Kishk and El-Sheemy, 1974; 
Besson et al., 1975) or have used chemical pretreatments to 
convert micas to vermiculite prior to or during oxidation 
(Ismail, 1969; Farmer et al., I968, 1971; Ross and Rich, 1974; 
Veith and Jackson, 1974). Juo and White (I969) have shown that 
only partial oxidation of Fe"*"^  occurs in biotite if the mineral 
is treated with HgOg solutions that contain 0.2 M KCl. These 
results would suggest that the presence of K in the solution 
during the oxidation process may interfere with layer expan­
sion of the biotite and thereby retard oxidation. According to 
Ross and Rich (1974), only the expanded portion of a biotite 
sample is subject to oxidation by HgOg' Robert and Pedro 
(1969) concluded that chemical oxidation by HgOg was only 
possible when the interlayer K was extracted beforehand. 
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c. Bromine Farmer et al. (I968, 1971) used Br2 to 
oxidize Pe^  ^in vermiculite samples by immersing the samples 
in Br2-water that was stored in a closed vessel and kept Brg 
saturated by a diffusion of vapour from a pool of Br^  in a 
separate beaker. Complete oxidation of the Fe"*"^  present in 
vermiculite was obtained. Fanner and Wilson (1970) also treated 
biotite with Brg solutions and found the biotite was converted 
to hydrobiotite if cation exchange was accompanied by active 
oxidation. In this case, biotite flakes were immersed in 25 
ml of 0.05 M MgClg and two drops of liquid Brg were added. 
Ross (1975) used Brg to oxidize the Fe^  in chlorite and con­
vert it to vermiculite. His technique consisted of placing 
samples of chlorite in Pyrex vials containing saturated Brg-
water. The vials were capped tightly and placed in a steam 
bath for a specified period after which they were opened and 
the Brg boiled off. 
Fanner et al. (1968, 1971) oxidized vermiculite samples 
with either HgOg or Brg. They found that HgOg produced a bulky 
product due to exfoliation by the liberated Og, whereas Br2 
left the vermiculite flakes compact. Oxidation with either 
H2O2 or Br2 resulted in a reversible conversion of OH to 0 ions 
and an irreversible loss of Fe from the octahedral layer. The 
loss of Fe increased the number of octahedral vacancies in the 
mineral and resulted in the mineral having a greater dioctahe-
dral character. Electron microscopy and X-ray diffraction in­
dicated that the ejected Fe formed amorphous interlayer oxides 
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when H2O2 was used and a crystalline external phase of 3-FeOOH 
when Brg was used as the oxidant. The properties of their 
laboratory-oxidized veimiculites closely resembled those of 
naturally weathered biotite. The resemblance, however, was 
more closely matched by the Brg-treated vermiculite and less 
closely by the HgOg-oxidized material. 
Farmer et al. (1971) proposed a possible mechanism for the 
chemical oxidation of Fe"^ "*" in micaceous minerals by solutions 
containing Br^ , Og, or HgOg. In their mechanism, the oxidizing 
agent enters the interlayer space where electron transfer from 
I r 
an octahedral Fe ion to the electron acceptor is probably  ^
mediated through an OH or 0 ion. The initial step probably 
involves transfer of an H atom from an OH group to the oxidant. 
In later stages when the remaining Fe"^  ions are coordinated 
only to 0 or F ions, electrons may either transfer directly 
from 0 ions to the oxidant or indirectly through bridging water 
molecules, 
Fe"^ "^  0"" - KOH - Brg - Fe"^ "^  O"" + OH + HBr + Br. 
The resultant increase in the local concentration of positive 
charge is unstable and (Fe^  ^0 groupings are ejected 
through the hexagonal holes in the silicate sheet into the 
interlayer space. The mechanism of oxidation in naturally oxi­
dized biotite is less obvious as it seems to occur without an 
expansion of the biotite and thus without a place for the 
ejected Fe to go. Farmer et al. suggest that the oxidation of 
biotite may occur through a two-step process that involves an 
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initial vermiculitization and oxidation of the mica and then a 
collapse of the mineral to loX by K readsorption. 
Giikes et al. (1972a) have reported that biotite can be 
oxidized with Brg without a change in structure and that ex­
pansion need not occur during natural weathering. According 
to them, the properties of the Br^ -oxidized biotites were 
identical to those of oxidized biotites occurring in soils 
(Giikes et al., 1972b). Oxidation in their laboratory experi­
ments (Giikes et al., 1972a, 1972b) was accomplished by im­
mersing 5 g portions of biotite in 100 ml of Brg-saturated 
solutions in sealed glass ampoules. The ampoules were then 
shaken at 90°G for different periods. The Br^  was removed by 
gentle boiling and the biotite washed several times with dis­
tilled HgO before drying at 110°C. 
Giikes et al. (1972a, 1972b) reported that up to 3^ % of 
the octahedral and interlayer cations were lost during their 
Brg treatments. These results support the concept that Fe 
and other octahedral cations are ejected to preserve electrical 
neutrality when Fe"*^  is oxidized. The most highly oxidized 
biotite had only 5*17 ions in six octahedral sites indicating 
that it should exhibit properties intermediate between those 
of trioctahedral and dioctahedral micas. 
2. Side effects of oxidation treatments 
++ When micas were heated to oxidize the octahedral Fe , 
several additional changes were found to occur in the mica. 
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These changes involved deprotonation, dehydroxylation, OH ori­
entation, and unit cell dimensions. Similarly, wet chemical 
treatments to oxidize Pe^  ^in mica may also result in several 
additional changes to the mica apart from Fe^  ^oxidation. 
These may involve deprotonation, changes in OH orientation, 
changes in b-dimension, layer charge reductions, mineral disso­
lution, interlayer expansion, and particle size reduction. 
Deprotonation and changes in OH orientation, however, are con­
sidered to be a direct result of Fe oxidation and consequent­
ly have already been discussed in terms of thermal oxidation 
and do not need to be repeated. Apart firom changes in the b-
dimension, the other side effects of wet chemical oxidation 
are quite different from any reported for thermal treatments. 
These other side effects may have an important effect on the 
exchangeability of interlayer K in chemically oxidized micas 
and consequently merit further consideration. 
a. Laver charge reduction In the natural weathering 
of mica to veimiculite, charge reduction is primarily due to, 
and does not exceed, the oxidation of octahedral Fe"*"^  (Nor-
rish, 1972). Very frequently, however, there is more Fe^  ^
oxidation in mica than there is layer charge reduction. In 
laboratory weathering experiments, however, it is possible to 
get more layer charge reduction than can be accounted for by 
Fe oxidation alone. 
Farmer et al. (1971) observed a decrease in the layer 
charge of biotite when K was extracted with 0.05 M BaClg, but 
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no further change in layer charge occurred when the K-depleted 
mineral was oxidized with ^ 2^^ 2 There was, however, 
some increase in layer charge when the K-depleted mineral was 
treated with dithionite or hydrazine. Ross and Rich (1974) 
obtained similar results for a different biotite. They ex­
tracted K with 0.2 N CaClg and used '^ 0^  for oxidation and 
dithionite for reduction. Veith and Jackson (197^ ) observed 
a decrease in the layer charge of biotite following K extrac­
tion with NaTPB. They found, however, that the layer charge 
was entirely independent of the oxidation reduction 
(dithionite) treatments. Barshad and Kishk (I968) reported no 
change in layer charge of vermiculite or biotite as a result 
of Pe^^ oxidation in NaOCl solution, and Roth et al, (1969) 
obtained similar results for vermiculite in "^ 2^ 2 solution. 
Ismail (1969) oxidized biotites with H2O2 solutions that were 
buffered at different pH's. He found that under neutral and 
alkaline conditions the oxidation of Fe"'"'" was balanced by a 
substantial decrease in the surface charge. The biotites 
formed expanded layers of vermiculite and montmorillonite. 
Under acid conditions, Fe oxidation was balanced mainly by a 
release of octahedral ions, which kept the surface charge high 
and prevented the formation of montmorillonite. 
The oxidative procedures of Gilkes et al. (1972a, 1972b) 
in which Br2 was used resulted in a considerable loss of layer 
charge. Structural formulae demonstrated that the charge 
balance in the oxidized biotites was achieved by the loss of 
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octahedral and interlayer cations. 
Besson et al. (1975) have shown that during the oxidation 
of venniculite the proportion of Fe which stays in the octahe­
dral layer depends upon the nature of the oxidizing agent. 
During weak oxidation (O2 normally dissolved in the water), 
the Fe stays entirely in the octahedral layer, and the exchange 
capacity of the vermiculite is decreased. On the other hand, 
oxidation with oxygenated water was accomplished without chang­
ing the octahedral layer charge, there was no decrease in the 
number of balancing cations, and part of the oxidized Fe was 
expelled as reported by Farmer et al. (1971) and others. 
|. 
b. Changes in b-dimension Oxidation of Fe by wet 
chemical methods has been found to bring about a decrease in 
the b-dimension of high iron venniculites and biotites (Gilkes 
et al., 1972b; Farmer et al., 1971; Ross, 1975; Ross and Rich, 
1973» 1974). This decrease in the b-dimension has been at­
tributed to the oxidation of octahedral Fe^  ^ions to smaller 
I I \ Fe ions and to the ejection of octahedral cations which 
leave vacant sites in the octahedral sheet. This decrease in 
the b-dimension can be expected to shorten and strengthen the 
K-0 bond in mica and thereby inhibit K release. 
c. Mineral dissolution Reichenbach and Rich (1969) 
treated several size-fractions of rauscovite with 0.1 N BaCl2 
solutions at 120 to 122°C. X-ray diffraction data indicated 
that some dissolution occurred and became more prevalent as the 
particle size decreased. For the <0.08 |im size-fraction, the 
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total K release could "be explained "by dissolution of the 
silicate structure, whereas, for the 5-20 |am fraction, K re­
lease was almost completely due to an exchange of Ba for K in 
the interlayer of the mineral particles, which were otherwise 
structurally unaltered. 
The pH of the 0.1 N BaClg solution used by Reichenbach 
and Rich was probably between pH 5 and 6. Ross (1975) reported 
that the initial pH of his Br^ -saturated water solution was 2.2 
and fell to 1.8 after 3 weeks of reaction with chlorite. Ap­
parently the pH of the Brg solution used by Farmer et al. 
(1971) was not this low since they reported that the pH of 
their Brg solution fell to 4 following the Brg treatment of a 
vermiculite. In any event, the pH of some of the oxidizing 
solutions that have been used have also been acid enough to 
cause appreciable dissolution of the minerals and must be 
taken into account. 
The effect of H ions on micaceous minerals is quite com­
plex (Wells and Norrish, I968). Wells and Norrish found the H 
ion in very weak acid solution (10"^  N HCl) behaves as any 
other cation and just replaces the interlayer K. At higher 
acid concentrations, the octahedral layer of biotites and 
phlogopites is attacked, and its structure is destroyed. When 
these processes (K exchange and acid dissolution) were fol­
lowed optically by Wells and Norrish, they found the edges of 
the mica were dissolved by the strong acid solutions, but a K 
replacement front developed ahead of the dissolution zone. 
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Gilkes et al. (1973%) studied the rates of dissolution of 
oxidized biotite in acidic solutions. They found K was lost at 
higher rates than other cations and concluded some exchange of 
K by H was occurring in advance of the dissolution front. The 
susceptibility of the micas to acid breakdown varied with the 
mineral (Wells and Norrish, I968), the dioctahedral micas being 
generally less susceptible to attack than biotite or phlogopite. 
Gilkes et al. (1972b) observed losses of up to 30^  of the 
octahedral and interlayer cations in Brg-treated biotites. 
However, an examination of the resulting oxybiotites by optical, 
electron optical and X-ray diffraction techniques, as well as 
chemical analysis of the oxybiotite and treatment solutions, 
showed that little dissolution of Si and A1 occurred in treat­
ment periods of even 9 weeks. Farmer et al. (1971) reported 
substantial losses of octahedral Fe in vermiculites that were 
oxidized with either HgOg or Br2 solution. Ross and Rich 
(1974) reported much less ejection of octahedral cations from 
biotite that was oxidized at pH 6 with ^ 2^ 2 than that re­
ported by Farmer et al. or Gilkes et al. with more acid con­
ditions, and that electroneutrality was maintained in their 
mica primarily by loss of protons. They concluded that the 
loss of octahedral cations versus the loss of OH protons is 
strongly influenced by pH. Veith and Jackson (1974) point 
out that under acid conditions deprotonation of structural OH 
may be suppressed by a diffusion of structural cations that 
are lost quite easily in acid environments. Farmer et al. 
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(1971) have stated that there were 0.95 vacancies per six 
octahedral sites in his Brg-oxidized vermiculite and 0.60 
vacancies in his H202-oxidized vermiculite. Whether or not 
this difference was due to pH or the nature of the oxidizing 
agent could not be ascertained from their data. 
d. Interlayer expansion In previous sections on wet 
chemical oxidation, it has been stated that mica expansion may 
be prerequisite for chemical oxidation. Chemical pretreatments 
have been often used to convert the mica to an expanded phase 
prior to or during oxidation (Ismail, 1969; Farmer et al., 
1971; Ross and Rich, 1974; Veith and Jackson, 1974). By doing 
I I 
so the Fe was made more susceptible to oxidation, but the 
mica was converted to vermiculite or even montmorillonite. 
Gilkes et al. (1972a, 1972b) have claimed that oxidation 
of Fe"*^  in biotite by Brg can be accomplished without prior 
mineral expansion. Nevertheless, their oxidative treatment 
resulted in the loss of up to 30^  of the octahedral and inter­
layer cations. How this occurs without some interlayer expan­
sion has not been explained, but their X-ray diffraction data 
(Gilkes et al., 1972b) did not identify any major changes in 
the biotite structure. 
The octahedral Fe that is ejected from Brg-treated micas 
is thought to crystallize as p-FeOOH on the surface of the 
mineral flakes (Farmer et al., 1971). Gilkes et al. (1972b) 
considered these deposits to be amorphous Fe oxides. Farmer 
et al. (1971) did not detect g-FeOOH on vermiculite flakes 
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oxidized with ^ 2^ 2' flakes had a distinctly mottled ap­
pearance, however, that indicated some very finely divided 
amorphous Fe oxide may be present as a separate phase within 
the vermiculite flake. X-ray diffraction also indicated that 
the ejected Fe may have occurred as hydroxides within the in-
terlayer space. This suggests that if interlayer expansion 
does occur during the chemical oxidation process there is a 
good chance that hydrous Fe oxides would be precipitated in the 
interlayer space. If this occurs, it will be difficult to 
quantitatively determine the amount of Fe ejected from the oc­
tahedral sheet, and it can be anticipated that the presence of 
this interlayer Fe will interfere with the exchange of inter­
layer K. 
e. Particle size reduction Gilkes et al. (1972b, 
1973b) have shown by means of electron microscopic examination 
' that there was a higher proportion of small particles in the 
biotite samples that received oxidative treatment with Brg 
solutions. The oxidation treatment cleaved small fragments 
from the mica crystals. The effect of Br^  treatments on the 
particle size distribution of less than 100 mesh biotite was 
established by sieve analyses (Gilkes et al., 1972b). When 
the original material was tested, 51^  was <400 mesh, but after 
Brg treatment for 25 days, this fraction had increased to 63^ . 
Measurements of the average crystal thickness of oxidized 
<10 |im biotite particles by X-ray diffraction line broadening 
showed the oxidized biotite particles had an average crystal 
thickness that was one-third that of the untreated material. 
This decrease in particle size was thought to have some effect 
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on the rate of mica dissolution in acid solution (Gilkes 
et al., 1973b) and may have had some effects on K release. 
D. Exchangeability of Potassium in Micas 
The replacement of interlayer K in micas by other cations 
requires an expansion of the mineral, and together with these 
changes constitute a major aspect of mica weathering. Con­
siderable research has been devoted to obtain a better under­
standing of the mechanisms that control mica weathering. Since 
the replacement of interlayer K is so important, much of the 
research has been concerned with the determination of the ex­
changeability of K in different micas. Many different extract­
ing solutions have been used to investigate the exchangeability 
of K in micas. This research has revealed that the exchange­
ability of K is largely controlled by the crystal structure and 
morphology of the mica. Consequently, alterations of mica due 
to thermal or wet chemical treatments can be expected to affect 
the exchangeability of K. In order to understand the effects 
of heat and wet chemical treatments on the exchangeability of 
K in micas, we must first consider the mineralogical factors 
that govern K release in natural mica. The following sections 
will deal with the methods that can be used to estimate the ex­
changeability of K in micas, the mineralogical factors that 
control K release in micas, and the effects of heat and wet 
chemical treatments (to oxidize Fe"^ "^  in mica) on the exchange­
ability of K. 
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1. Laboratory methods of extracting potassium 
• Various chemical methods of extracting interlayer K from 
micas have been used. In some cases the micas have been 
equilibrated with aqueous salt solutions; however, the extrac­
tion of interlayer K by this method has been slow and often 
only a small portion of the total K can be extracted. The 
effectiveness with which these salt solutions extract K is im­
paired by the accumulation of the replaced K in the extracting 
solution. Hanway et al. (1957) have shown that a relatively 
low concentration of soluble K or in the extracting solu­
tion will completely block K release. Therefore, in order to 
study the exchangeability of K in micas this blocking effect 
has to be reduced. The blocking effect can be reduced by ex­
changing the extracting solution frequently or by continuously 
leaching the mica with large volumes of the salt solution. A 
much more effective method of reducing this blocking effect, 
however, has been to precipitate the soluble K as an insoluble 
compound. With extracting solutions that contain a K precipi­
tant, almost all the K can be removed from samples of most 
micaceous minerals. 
a. Inorganic salt solutions Various inorganic salt 
solutions have been used to extract interlayer K from micas 
(Rausell-Colom et al., 1965; Mamy, 1970). Rausell-Colom et al. 
studied the effects of the presence of different cations (Li, 
Na, Mg, Ca, Sr, and Ba) in the extracting solution on the re­
lease of interlayer K. In their experiments, flakes of mica 
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and 5 ml of the salt solutions were placed in glass ampoules 
and maintained at constant temperatures (22, 100, or 120°C). 
They found that the cations readily replaced the K of natural 
phlogopites and biotites, but there was no evidence of K re­
placement in lepidolite, muscovite, and synthetic fluorphlogo-
pite samples that were treated for 6 months with these salt 
solutions. Mamy (1970) used concentrated solutions of Ca, Mg, 
Li, and Na chloride or nitrate to extract K from different 
phlogopites. Samples of 40 or 50 mg were shaken in 400 ml of 
2 N salt solution at temperatures between 40 and 98°C, and in 
some experiments a small amount of a second salt was added. 
Mamy found the rate of K exchange was enhanced by adding a very 
small amount of a cation, such as Na or H, to concentrated 
solutions of another cation. 
These inorganic salt solutions appear to be effective in 
extracting the interlayer K from trioctahedral micas with the 
exception of fluorphlogopite (Rausell-Colom et al., 1965; Mamy, 
1970) but are ineffective in extracting the K from dioctahedral 
micas. The effectiveness of these inorganic salt solutions in 
extracting the interlayer K from micas is limited by the ac­
cumulation of K in the extracting solution (Rausell-Colom 
et al., 1965; Hanway et al., 1957). The dioctahedral micas, 
however, are more sensitive than the trioctahedral micas to 
small amounts of K in the extracting solution. 
In order to increase the effectiveness of inorganic salt 
solutions to extract interlayer K from micas, the extracting 
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solution can "be replaced frequently. Reichenbach and Rich 
(1968) treated 1 g of muscovite with several 3 liter increments 
of 0.1 N BaClg for 3 days at 120°C in an autoclave. After 20 
treatments, 90^  of the original interlayer K had been replaced 
by Ba. Reichenbach and Rich (1969) used this method of K ex­
traction to study the effect of particle size on K release 
from muscovite. In this case, 40 mg samples were treated with 
75 mg of 0.1 N BaClg at 120 to 122°C for a specified reaction 
period. The samples were then centrifuged, the supernatant 
removed, fresh BaCl2 added, and the procedure repeated 40 times. 
Other workers have also used this method and have extracted 
large quantities of K from mica (Newman, 1969; Gilkes et al., 
1972a). Newman studied the effect of mica composition and 
solution pH on the exchangeability of K in several different 
micas. He repeatedly treated the mica samples with 1 N NaCl 
adjusted to different pH's. Gilkes et al. investigated the 
effect of Brg treatment on the exchangeability of K in bio­
tite by determining the total amount of K removed in 10 suc­
cessive treatments with 1 N NaCl. 
Much of the K can also be extracted from most micas if the 
samples are continuously leached with inorganic salt solutions. 
Mortland (1958) placed 20 g of biotite on a filter paper in a 
Buchner funnel and leached it with 0.1 N NaCl. He was able to 
extract most of the K from biotite and found that the rate of 
K release was proportional to the leaching rate. Ross and 
Kodama (I970) also used a leaching process to extract K from 
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fine micaceous material. They mixed their samples with pure 
quartz sand and then placed them in polyethylene tubes. They 
used a small amount of sample and a rapid leaching rate to 
minimize the amount of K in the leaching solution at any 
moment. They were, however, unable to extract more than 50^  of 
the K from their fine (<1 \im) micaceous materials that had been 
leached with 0.1 N BaClg for 12 days. 
b. Molten salts Several workers have used molten 
salts to extract the interlayer K from mica (White, 1956; Bums 
and White, 1963; Tomita and Sudo, 1971). The salt most fre­
quently used is LiN02; however, NaNO^  and KNO^  have also been 
used. These salts can be used because they have melting points 
below the decomposition temperature of micas. The reactions 
are generally carried out in procelain or platinum crucibles 
in muffle furnaces at temperatures between 280 and 350°C. 
White found that a large part of the interlayer K in Delamica 
(muscovite) could be extracted by treating the mineral with 
molten LiNO^  at 300°C. Subsequently, Bums and White treated 
Silversheen mica (muscovite) with molten LiNO^  at 300®C for 
24 hours, and found the K content decreased from 8.79 to 3'31^ « 
The K content of a Delamica treated in same manner, but for 
409 hours, had decreased from 7.45 to 0,75%» Tomita and Sudo 
treated sericite with molten LiNO^  that also contained small 
amounts of NaCl. They found that NaCl played an important role 
in completing the extraction of K in the interlayers of 
sericite. 
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c. Organic cations Mackintosh and Lewis (1968) and 
Mackintosh et al. (1971) have found dodecylammonium chloride 
(DAG) to be effective in extracting K from mica. The amounts 
of K released after different periods of time were determined 
by shaking small quantities of the sample in measured volumes 
of DAG solution in an oven at 70°G. The rate of K displacement 
was much greater than with simple inorganic salt solutions. 
They found that biotite and phlogopite released a large part 
of their total K within a few hours or days when treated with 
DAG at 70°G. The rate of K exchange in Muscovite and lepido-
lite, however, was much slower than in the biotite or phlogo­
pite. 
d. Solutions with potassium précipitants The effec­
tiveness with which most aqueous salt solutions extract inter-
layer K is impaired by the accumulation of replaced K. This 
problem can be alleviated by using extracting solutions that 
will precipitate K as it is released from the mica. White 
(1950) used a 20?S solution of Na cobaltinitrite to precipitate 
the K. He was able to extract 10.8# of the K from illite in 
three treatments at room temperature and 11.1# if the sample 
and extracting solution mixture were placed on a water bath for 
30 minutes. Robert and Pedro (1969) used Na cobaltinitrite 
solutions to extract K from heated and imheated biotite samples. 
Six successive treatments with Na cobaltinitrite were needed 
to remove essentially all of the K from the unheated biotite. 
Sodium tetraphenylboron (NaTPB) is another K precipitant 
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that can be used to extract K from micas. It is very effective 
in that it maintains a lower level of K in solution than Na 
cobaltinitrite (solubility of K tetraphenylboron and K cobalti-
nitrite in water being 1.8 x 10~^  and 2 x 10"^  moles/liter, 
respectively). The application of NaTPB to the extraction of 
interlayer K from micaceous minerals was initiated by Hanway 
(1956) for illite. Methods of using NaTPB were developed to 
effectively extract the interlayer K from several micaceous 
materials including biotite (Scott and Reed, 1962a), illite 
(Scott and Reed, 1962b; Smith and Scott, I966), and Muscovite 
(Reed and Scott, I966). These methods were used to extract 
interlayer K from other micaceous materials as well (Scott and 
Smith, 1966; Smith and Scott, 1974). To extract interlayer K 
from trioctahedral micas, 0.5 g samples were placed in 10 ml 
of 1 N NaCl - 0.2 N NaTPB - 0.01 M EDTA. The extracting solu­
tion best suited for Muscovite consisted of 2 N NaCl - 0.2 N 
NaTPB - 0.01 M EDTA whereas the most effective extracting solu­
tion for illite was 1.7 N NaCl - O.3 N NaTPB - 0.01 M EDTA. 
Scott and Smith (I966) used NaTPB solutions to determine 
and compare the exchangeability of K in biotite, illite, Musco­
vite, phlogopite, and vermiculite. They found that essen­
tially all the K in <50 fim samples of Muscovite, biotite, 
phlogopite, and vermiculite was exchangeable, but only 66fo of 
the K in <2 |im illite was exchangeable. The time required for 
this exchange varied froM <10 hours with vermiculite to >4-5 
weeks with Muscovite. NaTPB solutions have also been used to 
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determine the exchangeability of K in heated micas (Scott 
et al., 1972) and heated fine-grained micaceous minerals 
(Smith and Scott, 1974). 
Other laboratories have also used NaTPB solutions to ex­
tract interlayer K from micas but with varying procedures. 
Leonard and Weed (1970a) placed 2 g of mica in 50 ml of 1 N 
NaCl - 0.2 N NaTPB - 0.01 M EDTA solution. Ross and Kodama 
(1970) treated 50 mg samples with 5 ml of 1 N NaCl - 0.2 N 
NaTPB - 0.01 M EDTA solution. Gilkes et al. (1973a) treated 
0.05 g samples of oxidized biotite 10 times with 5 ral 1 li NaCl 
- 0.02 N NaTPB solution for 1 hour at 20°C. 
2. Effects of mineral characteristics 
There are several mineralogical characteristics of mica 
that can influence the exchangeability of interlayer K. The 
more important characteristics include mineral structure, 
crystal imperfections, layer charge, and particle size. Ther­
mal and wet chemical treatments of mica can alter these mineral 
characteristics and may, therefore, have an effect on the ex­
changeability of interlayer K. In order to understand how 
thermal and wet chemical alterations might affect the exchange­
ability of interlayer K in treated micas, we must first evalu­
ate the relative importance of these characteristics in con­
trolling the release of interlayer K in natural micas. 
a. Mineral structures The structural features of mica 
that might influence K release have been reviewed by several 
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workers (Newman, I969; Leonard and Weed, 1970a; Mackintosh 
et al., I97I; Norrish, 1972) and some of these features have 
already been discussed in previous sections of this literature 
review. The rate at which micas can be weathered generally 
follows the order lepidomelane > biotite > phlogopite > 
muscovite > lepidolite (Norrish, 1972). Norrish concluded that 
this order was due to the OH orientation and F content of the 
silicate sheet. In these trioctahedral minerals (lepidomelane, 
phlogopite, and biotite) the OH bond is normal to the silicate 
sheet, the H is near the interlayer K, and K exchange is rapid. 
On the other hand, in muscovites and lepidolites (dioctahedral) 
the OH bond is at an angle to the normal, and K becomes more 
tightly bonded to 0. F can substitute for OH in natural micas, 
and when it does, irrespective of the mica type, K exchange be­
comes more difficult as the F content increases (Bassett, I96O; 
Rausell-Colom et al., 1965; Newman, I969; Mackintosh et al., 
1971). Fe"^  oxidation studies have also confirmed the impor­
tance of OH orientation. Fe^  oxidation reportedly alters the 
OH orientation from being normal to the mica plane and conse­
quently causes high Fe trioctahedral micas to behave more like 
muscovite (Juo and White, I969; Gilkes et al., 1972a). 
Drits (1969) emphasized the relationship between the OH 
groups and K-0 bond length. In dioctahedral micas, K is in an 
octahedral environment with respect to 0 and the K-0 distance 
is about 2,85 1. In trioctahedral micas, however, the inter^  
action between K and OH groups is thought to prevent the K 
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ion from bringing the layers sufficiently close to achieve 
the octahedral environment. The resultant K-0 bond length is 
around 3.00 1 which is considered to be significantly greater 
than 2.85 X. This difference in interlayer configuration and 
K-0 bond length is reflected in the greater stability of di-
octahedral micas compared to trioctahedral micas. 
The release of part of the K in mica may have an effect on 
the exchangeability of the remaining K. As K is released from 
dioctahedral micas, a slight decrease in the b-dimension of the 
mica occurs at the weathering front (Leonard and Weed, 196?; 
Bums and White, I963). and Leonard and Weed (1970a) suggested 
that this decrease in b would tend to lock the remaining K more 
tightly and retard its release. On the other hand, the in­
crease in b at the weathering front of trioctahedral micas 
(Leonard and Weed, 1970a, 1970b) may weaken or stretch the K-0 
bond sufficiently to enhance further K release. 
b. Crystal imperfections Disorder exists at crystal 
cleavage and fracture surfaces, cracks, dislocations, and 
vacant sites of micas (LeRoux and Rich, I969). Interstratifi­
cation, partial opening of interlayer space, and warping of 
silicate layers are also types of diorder that can exist in 
micas. Each of these properties will have some effect on the 
K exchange behavior of the mineral. Raman and Jackson (1964) 
reported that the silicate layers at cracks in the basal sur­
faces of mica rolled back in scroll-like fashion when inter­
layer exchange sites along the cracks were saturated with large 
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hydrated cations, and again returned to a flat morphology when 
these sites were resaturated with K. Apparently, these cracks 
provide an opening whereby cations in solution can exchange 
with the interlayer K of mica. 
Rausell-Colom et al. (I965) used an electron microprobe to 
detennine the concentration gradients of K and the replacing 
cation across mica flakes. When interlayer K in mica was re­
placed with Sr, Sr was detected in the unaltered part of the 
mica and well in from the visible exchange boundary. This in­
dicated that Sr had penetrated the unaltered mica through 
crystal imperfections rather than diffusion of Sr through the 
interlayer. LeRoux et al. (1970) used electron probe micro­
analysis to study individual particles of weathered micas 
treated with solutions containing equivalent amounts of Rb and 
Sr. They found that Rb was concentrated at particle edges, 
at cracks, and in the case of partially K-depleted biotites, 
at the weathering front. These results showed that K was re­
moved from these cracks, particle edges, and weathering fronts, 
and that K release can be initiated at these types of sites 
through cation exchange in micas. 
Newman and Brown (I969) showed that the nature of the 
crystal edges of mica can affect the rate of K exchange. They 
prepared phlogopite flakes by cutting with abrasive powder or 
by pressure with a surgical scalpel. The edges produced by 
cutting with abrasive powder appeared to be physically dis­
turbed, whereas the scalpel produced a clean fracture. These 
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flakes were then treated with boiling 0.25 N NaCl solution. 
The results indicated that the rate of K exchange was greater 
from the edges prepared by cutting with abrasive powder than 
from the edges produced by the scalpel. These results ob­
tained by Newman and Brown provide further evidence that the 
presence of crystal disorder such as cracks or frayed edges 
can enhance the rate of K exchange in micas. 
c. Layer charge The magnitude of the layer charge is 
another important factor controlling K release in micaceous 
minerals (Barshad, 195^ ; Scott and Smith, 1966; Newman, 1969). 
Scott and Smith found that the initial layer charge was a good 
index of the ease with which the K in micas could be exchanged. 
Weir (1965) showed that there was a linear relation between 
the layer charge of montmorillonites and their tendency to 
retain K. Robert (1973) studied the transformation of mica to 
smectite that can be achieved by K extraction and Fe"*"^  oxida­
tion and found that the total charge of the mineral was a good 
indication of the ease with which the transformation occurred. 
Dolcator et al. (I968) treated several micas and micaceous 
minerals with a mixed solution which was O.OO5 N with respect 
to both K and Ca. They determined the selective adsorption of 
K as compared to Ca and found that the ratio of K to Ca adsorp­
tion increased in the order: montmorillonite < vermiculite < 
biotite < muscovite. This order corresponded to the order of 
increasing layer charge and suggests that layer charge has a 
large influence upon K selectiviey. 
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A decrease in layer charge can be expected to reduce the 
strength with which K ions are held in the interlayer of 
micaceous minerals. Consequently, any reduction in layer 
charge, due to the oxidation of Fe^  ^in mica, ought to enhance 
the rate of K release (Rausell-Colom et al., I965). 
d. Particle size It is well known that particle size 
has an important effect on the rate and degree of K exchange 
in micas. With decreasing particle size, rates of K exchange 
from interlayer positions are enhanced by shorter diffusion 
paths and. larger surface areas (Norrish, 1972). Subsequently, 
as the particle size of the mica is reduced, the exchange of 
interlayer K becomes more rapid, but when the particle size is 
very small, the total amount of K that can be replaced is re­
duced and gets less as the particle size decreases. 
Scott (1968) determined the exchangeability of interlayer 
K from several micas with particles of different size in NaTPB 
solutions. He was able to isolate three effects of particle 
size which combined to change drastically the total period for 
K release. He found that part of the K in mica was released 
very rapidly and that this initial release of K (layer weather­
ing) increased as the particle size decreased until it ac­
counted for essentially all the K exchange that occurred. Gen­
erally, however, there was a subsequent release of K (edge 
weathering) that occurred at a rate that increased as the 
particle size decreased. In addition, as the particle size de­
creased, there was a decrease in the amount of K that was 
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exchangeable. 
Mackintosh et al. (1971) obtained similar results with 
biotite samples treated with dodecylammonium chloride. For the 
bio tit e fractions >2 (im complete K exchange occurred. For 
particles <2 [xm the K exchange reaction, although initially 
more rapid, did not exceed 80fo K displacement. Similar re­
sults were obtained with a phlogopite. Muscovite and lepido-
lite were also examined; however, K exchange was so slow that 
they could not determine whether the material <2 |am would re­
lease less K than the other size fractions. Reichenbach and 
Rich (1969) treated different size fractions of muscovite 
with 0.1 N BaClg at 120°C. They found that the completeness 
of K exchange decreased with particle size below 20 ^ m. 
3. Effects of thermal alterations 
It has been known for some time that changes in soluble 
and exchangeable K levels can occur in soils that are dried or 
heated (Scott and Hanway, i960). Kolterman and Truog (1953) 
heated soil samples twice at 500°C for 2 hours. The additional 
K made exchangeable to an NHj^CgH^Og solution by the heat treat­
ment was used to estimate fixed K. Legg and Axley (1958) in­
vestigated this method of heating soil samples to determine 
fixed K in soils and found that the amount of K released by 
successive heat treatments varied greatly among soils and among 
horizons of each soil profile. 
The extent to which the K release behavior of micaceous 
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minerals can be altered by heat treatments was not apparent, 
however, until Smith and Scott (I963) heated samples of 
Grundite illite before they were extracted with NaCl-NaTPB 
solution. By heating this mineral at 450°C for 24 hours, the 
maximum extractable K was increased from 68 to 93%, In other 
experiments with fine-grained micaceous minerals, several 
illites, glauconite, and metabentonite were heated at 450°C 
for 24 hours and then characterized in terms of their K re­
lease behavior to NaCl-NaTPB solutions (Smith and Scott, 1974). 
The heat treatment produced a substantial increase in the 
amount of K that each mineral released when first placed in the 
NaCl-NaTPB solution. Depending upon the mineral heated, how­
ever, the subsequent rate of K release was increased, de­
creased, or unchanged. Also, all the minerals except glauco­
nite exhibited an increase in their maximum degree of K release 
if they were heated. Obviously, the K release behavior of all 
these minerals is subject to appreciable alteration by heat 
treatments. 
Ismail (1970) heated biotite samples in a furnace at 250°C 
for 1 week after which the temperature was increased to 450°C 
until the samples achieved a reddish-brown color. The heated 
samples were extracted 3 times with distilled HgO, and these 
extracts were compared to those of unheated samples. Analysis 
showed that the heated samples released less K than natural 
samples. 
Newman (I970) heated several biotite flakes at 450°C in 
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air for 16 hours. The occurrence of Fe^  ^oxidation in the 
mica flakes during heating was judged by a change in color. 
The rates of K replacement in oxidized and unheated mica 
flakes were then compared "by placing the flakes in boiling 
0.25 N NaCl solutions (with pH adjusted to 4.4 and 9) and 
measuring the K replacement boundary optically. Newman found 
that K replacement at pH 4.4 was equally rapid in the oxidized 
and unoxidized flakes, but at pH 9 K was replaced much more 
slowly in the oxidized flake than in the unheated flakes. 
Robert and Pedro (I968, I969) and Robert (1971) treated 
heated and unheated biotite samples with Na cobaltinitrite 
solution. They found that both the rate and degree of K de­
pletion was much reduced by the heat treatments. Almost com­
plete K exchange of unheated Varennes biotite was obtained by 
3 treatments with Na cobaltinitrite solution. After 50?^  of the 
Pe^  ^was oxidized by heating the mica at 620°C, only 65^  of the 
K was extractable, and after 75^  Fe^  ^oxidation at 750°C, only 
40^  of the K was extracted by 6 treatments with Na cobalti­
nitrite solution. When Mazataud biotite was heated at 650°C 
to obtain 8$fo Fe^  oxidation only lOfo of the K was extracted 
with Na cobaltinitrite solutions, whereas 50% of the K was 
extracted from unheated samples. 
Scott et al. (1972) heated several micas, a hydrobiotite, 
and a synthetic fluorphlogopite at temperatures up to 850®C and 
then placed them in NaCl-NaTPB solutions at 25°C to determine 
the effect of the various heat treatments on the exchange­
66 
ability of their interlayer K. The K in muscovite was re­
leased much faster if the samples were preheated at tempera­
tures above 350°C and progressively faster as the temperature 
was raised to 725°C or the time of heating was increased. As 
a result, nearly complete exchange of K in <50 |im muscovite 
particles was achieved in 1 week instead of 2 years. On the 
other hand, the release of K by biotite and lepidomelane was 
retarded by similar heat treatments. Lepidomelane was affected 
by temperatures as low as 250°C and to such an extent that 
samples heated at 450°C for 24 hours released only 6of their 
K in 2 years instead of all their K in 1 week. Preheating tem­
peratures up to 650°C had relatively little effect on the ex­
changeability of K in phlogopite whereas 450°C heat treatments 
brought about K release in hydrobiotite by exfoliation and re­
duced the rate and degree of K exchange in fluorphlogopite. 
The maximum degree of K exchange was generally unaltered when 
the mica samples were heated, but major changes in the rate of 
K exchange occurred in biotite, lepidomelane, and muscovite 
samples. 
4. Effects of wet chemical treatments 
It has been reported that wet chemical treatments for the 
oxidation of octahedral Pe^  ^in soil vermiculite clays and 
biotites can increase the K-fixation capacity of the vermicu­
lite (Barshad and Kishk, 1970) and increase the difficulty of 
replacing interlayer K in biotite (Barshad and Kishk, I968; 
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Gilkes et al., 1972a; Gilkes, 1973). Barshad and Kishk (I968) 
treated two biotites with NaOCl to oxidize Fe^ "*" in the micas 
and then resaturated the micas with K (to replace K that Na 
had removed during the oxidation treatment). The exchange­
ability of K in treated and untreated samples of biotite was 
then determined by equilibrating samples of the mica with 
neutral 0.1 N MgClg solution. The NaOCl treatment to oxidize 
Fe** reduced the amount of K replaced by Mg. Originally 94.0 
and 133-2 meq K/lOO g could be replaced from the two biotites, 
but following oxidation only 17.6 and 18.9 meq K/lOO g was 
extracted. 
Gilkes et al. (1972a) extracted K from Brg-oxidized bio­
tites with 1 N NaCl solutions. They found that K release was 
reduced as a result of the Brg treatment. Gilkes et al. 
(1973a) showed that the rate of interlayer K release from bio­
tite in either NaCl or NaCl-NaTPB solution was determined by 
the oxidation state of the octahedral Fe. As the amount of 
Fe^  oxidation increased, the amount of K extracted decreased. 
Gilkes et al. (1973b) treated several Brg-oxidized bio­
tites with 0.1, 0.01, and 0.001 M HCl. They found that the 
rates of biotite dissolution decreased as the proportion of 
octahedral Fe^ ^^  increased. This was interpreted as being 
partly due to a decrease in the rate of K exchange in oxidized 
biotite and thus a smaller surface area exposed to acid attack. 
This decrease in dissolution rate with increasing Fe"*"*"*" content 
was apparent in the presence of 1 N KCl which should have 
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prevented K release and formation of vermiculite (Gilkes and 
Young, 1974). Apparently, some property of oxidized biotite 
other than the ease of K replacement influenced the dissolu­
tion rate. 
Other experiments have been designed to investigate the 
change in K selectivity resulting from oxidation. Ross 
and Rich (1974) studied the replaceability of K by Ca in 
biotite samples following oxidation and reduction treatments. 
It was found that the selectivity of K over Ca of Amelia bio­
tite increased sharply when the mica was treated with HgOg to 
oxidize Fe^ . Kishk and El-Sheemy (197^ ) determined the Ca-K 
exchange isotherms of two highly montmorillonitic, Fe-rich 
soil clays in their oxidized and reduced states. Oxidative 
treatments with H2O2 resulted in an increase in K selectivity 
of the clay, and they concluded that K was more strongly held 
by the oxidized clay than the reduced clay. 
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III. MATERIALS AND METHODS 
A. Mica Samples 
The micas used in this study were obtained from Wards 
Natural Science Establishment Inc., Rochester, N.Y. Included 
were a lepidomelane from Faraday Township, Ontario, Canada; a 
phlogopite from Ontario, Canada; and muscovites from Effingham 
Township, Ontario, Canada and Keystone, South Dakota, U.S.A. 
In this report, the Muscovite from Effingham Township will be 
referred to as E. muscovite and the one from Keystone, South 
Dakota, as K. muscovite. Except for the K. muscovite, these 
micas have been used extensively in earlier studies by Scott 
and Smith (1966), Scott (I968), and Scott et al. (1972). 
Total chemical analyses of these micas by Bruce Williams 
Laboratories, Joplin, Missouri, show that they have the follow­
ing structural formulae: E. muscovite, K^  yg ^ 0^.15 *^ 0^.03 
(^ 3.48 ^®0.02 0.38 ^ 0^.01 MSQ.31 ^ "0.02' '®^ 5.68 ^ 2.32' 
O20 phlogopite, Nag 
®^0.12 ^ 0^.05 ^ 4^.45 ^ 0.01' *^ 4^.91 ""3.09' '20 
lepidomelane, Na^ j^^ g Ca^  UIq.jô ^ 4^ 88 ^ 4^ 34 ^ 0^.11 
^^ 1.67 ^ 0^.12^  (Si^  Alg g^ ) O20 (OH)^ . Similar information 
about the chemical composition of the K. muscovite was not 
obtained. The polytypes of these specific mica samples were 
not detemined, but it was assumed from information (Deer 
et al., 1962) for similar samples that both muscovites were 
2MT^  micas, all the tri octahedral micas were IM, and any 
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Ad(hkl) measurements should be reported accordingly. 
The micas were obtained in the form of large crystalline 
sheets. The sheets were sorted, and those free of visible 
impurities were broken up by hand and then dry-ground to ob­
tain various size-fractions. A Christy and Norris laboratory 
hammer mill was used to grind the lepidomelane, phlogopite, and 
E. muscovite. The K. muscovite was ground in a Wiley Mill and 
then in a shatterbox with a tungsten carbide grinder. 
The ground E. muscovite was fractionated by dry sieving to 
obtain a <50 (xm sample whereas the ground phlogopite and K. 
muscovite materials were suspended in HgO to obtain 10-20 |im 
fractions by sedimentation. Part of the ground lepidomelane 
was fractionated by dry sieving to obtain a 50-60 |im sample 
that was then washed with H2O on a 50 |im screen to remove <50 
|im material. Ground lepidomelane was also dispersed in HgO to 
obtain 10-20, 5-10, and 2-5 {im size-fractions by sedimentation. 
Total K and Pe^  ^determinations that were carried out with 
the specific mica size-fractions used in this study showed the 
<50 nm E. muscovite, the 10-20 |j,m K. muscovite and phlogopite, 
and the 2-5, 5-10, 10-20, and 50-6O |im lepidomelane samples 
contained 222, 216, 221, I9I, I93, I96, and 201 meq K/lOO g 
and 23.3. 12.2, 24.2, 248, 255, 257, and 257 mmoles Fe"^ /100 g, 
respectively. 
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B. Potassium Extraction 
A method of extracting interlayer K from micas with NaCl-
NaTPB-EDTA solutions has been developed by Scott and Reed 
(1962a, 1962b), Reed and Scott (I966), and Smith and Scott 
(1966). Their general procedure was used to determine the 
exchangeability of the interlayer K in samples of each mica, 
prior to and following heat treatments. For the K. muscovite, 
phlogopite, and 5-10 ^ m lepidomelane samples, extractions were 
carried out with O.5 g samples in 10 ml 1 N NaCl - 0.2 N NaTPB 
- 0.01 M EDTA. On the other hand, 0.5 g samples of E. musco­
vite were placed in 10 ml 2 N NaCl - 0.2 N NaTPB - 0.01 M EDTA 
because considerable information on the release of K by un-
heated samples of this mica had already been obtained prior to 
this study with this extracting solution that has a higher NaCl 
concentration. For comparisons of 10-20 fim samples of un­
treated and Brg-treated lepidomelane, K extraction was achieved 
by treating 0.1 g samples with 10 ml 1 N NaCl - 0.2 N NaTPB -
0.01 M EDTA. Smaller (0.1 g versus O.5 g) samples were used 
in these K extraction experiments because limited amounts of 
Brg-treated samples were available. All the K extractions with 
NaCl-NaTPB solutions were carried out at 25°C in a temperature 
controlled room. 
The K extraction process was terminated after specified 
extraction periods by adding 18 ml of 2 N NH^ C^l which blocked 
further K release and subsequent K reversion. The precipitated 
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K (KTPB) was then dissolved by boiling the salt solution. In 
some of the earlier experiments, 20 ml of 0.2 M HgClg was added 
to catalyze decomposition of the KTPB as described by Reed and 
Scott (1961). With this procedure, the samples were placed in 
approximately 700 ml HgO containing 50 meq NH^ j^ Cl and 6 mmoles 
HgClg, the solution was boiled for 20 minutes and then fil­
tered. Due to unpublished information on the desirability of 
using CuClg instead of HgClg in the boiling salt solutions, 
however, most of the terminated samples were transferred quan­
titatively to flasks that contained 10 ml of 0.2 M CuClg, the 
solution volumes were increased to approximately 70 ml with 
HgO and the solutions were boiled (about 40 minutes) until they 
were free of KTPB or other precipitates. When CuCl^  additions 
were used, the volume of the boiling solution was maintained 
at approximately 70 ml by additions of HgO, the solutions were 
filtered while still warm and the filtrate was collected in a 
flask containing 5 ml 1 N HCl to prevent precipitation of Cu. 
The mineral residues from the HgClg and CuClg treatments were 
leached once with 10 ml 2 N M/^ Cl and then washed twice with 
HgO. The filtrates containing CUCI2 were diluted to 100 ml by 
adding HgO, whereas 100 ml increments of the filtrates contain­
ing HgClg were isolated and both solutions were retained for 
K determinations. 
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C. Chemical Analyses 
To determine the total amount of K in the various mica 
samples, portions of the mineral were digested in HF-HCIO^  ^as 
described by Jackson (1958). The K in these digests and the 
NaCl-NaTPB extracted K were determined using a Baird-Atomic, 
Inc. Model KY2 flame photometer using Li as an internal 
standard. 
Fe"*"*" determination was carried out by the method described 
by Peters (I968) but with a different indicator solution. In­
stead of diphenylamine, the Na salt of p-diphenylamine sulfonic 
acid was used as the indicator even though the Ba salt was 
available and seemed to be equally as effective. The indicator 
was prepared by dissolving 0,1 g of the Na salt of p-diphenyl-
amine sulfonic acid in 100 ml of concentrated sulfuric acid. 
In general 8 drops of indicator solution was sufficient for 
adequate color development. 
The results of these chemical analyses and of all weight 
loss determinations were expressed in terms of the 110°C, oven-
dry (24 hours) weight of the mineral samples. 
D. X-ray Diffraction 
X-ray diffraction analyses were made with a General Elec­
tric XRD-6 diffractometer, a scintillation counter, and Ni-
filtered Cu radiation. Samples of the micas were oriented on 
ceramic tiles by placing a HgO slurry of the sample on the 
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tiles and then removing the excess HgO by suction. These 
oriented specimens were air dried, X-rayed, heated for various 
periods at different temperatures, and X-rayed again after 
cooling. Changes in the mineral d-spacings that occurred dur­
ing the heat treatments were determined from the positions of 
the (00.10) or the (005) reflections of the heated and un-
heated samples. 
E. Thermal Treatments 
Mica samples that were oriented on ceramic tiles for X-ray 
diffraction analyses were heated in a Thermolyne Type 1300 
furnace controlled to ± 10°C. Each sample was air dried, 
placed in the furnace at a specific temperature, heated for a 
specific period, and then cooled in a desiccator prior to X-ray 
diffraction. 
Mica samples that were used to determine the effects of 
heat on K extraction, Fe"^  ^oxidation, and weight loss were 
heated in a Lindberg Hevi-Duty muffle furnace (type 51442) 
equipped with à digital controller (type 59344) capable of 
controlling temperatures to better than ± 1°C. The various 
heat treatments were carried out with weighed 0.5 g samples 
(110°C oven-dry basis) of air-dry mineral in platinum crucibles. 
The samples were placed on a raised platform in the furnace, 
heated at specified temperatures for different periods, and 
then cooled in a dry desiccator. The samples were then weighed 
to determine how much weight was lost during the heat treatment. 
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The heated samples were then either used for K extraction de­
terminations or transferred to glass vials for subsequent Fe^  ^
and total K determinations. The entire 0.5 g heated samples 
were used for the K extractions whereas weighed fractions of 
the heated samples were used in the Fe^  ^and total K determina­
tions. Usually enough 0.5 g samples were heated together to 
carry out all the K extractions and other determinations that 
were needed for the study planned with a particular heat treat­
ment. By this means, all samples were given as comparable a 
heat treatment as possible. 
F. Bromine Treatments 
Various Brg-saturated solutions were prepared by adding 
liquid Brg to bottles containing HgO, 1 N NaCl, or KCl solu­
tions of different concentrations. The bottles were then 
shaken to dissolve the Br2 and enough liquid Brg was added to 
ensure the presence of undissolved liquid Brg in every bottle. 
Increments of these Brg-saturated solutions were mixed with 
samples of lepidomelane to determine the extent to which the 
Fe** in the mica could be oxidized. In some experiments, Brg-
saturated HgO or 1 N NaCl solutions were used to permit some 
release of K during the oxidation treatment, in others Br^ -
saturated KGl solutions were used to inhibit K release. 
One-half gram (110°G, oven-dry basis) samples of 10-20 pm 
lepidomelane were placed in 10 ml glass ampoules, 10 ml of the 
Brg-saturated solutions were then added, and the ampoules 
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sealed by a flame. In some experiments, other ampoule sizes 
(20 and 50 ml), solution volumes (25 ml), and lepidomelane 
particle sizes (50-60 and 2-5 tini) were used. The ampoules 
were generally hand shook and then stored in a temperature 
controlled room at 25°C or placed in 90 or l60°C drying ovens 
that were controlled to ± 2°C. A few ampoules were shaken in 
a water bath at 90 ± 2®C to keep the mica in suspension 
throughout the experiment. After specified periods, the am­
poules were cooled if necessary and broken. The mica samples 
were filtered and washed once with 85^  ethanol and then with 
95^  ethanol until they were free of Cl~ and Br". Whenever 
the mica sample was treated with a Brg-saturated solution of 
saturated KCl, the samples were first washed once with H2O to 
remove most of the KCl and then with 85 and 95% ethanol. All 
samples were then air dried at 25°C. 
In other experiments, O.5 g samples of 10-20 p.m lepidome­
lane were treated with various large volumes of Brg-saturated 
1 N NaCl at 25°C for designated periods. To accommodate these 
solution volumes, which ranged from 10 to 9000 ml, the mica 
sample and Brg-saturated solution were placed in appropriately 
sized Erlenmeyer flasks that were fitted with rubber stoppers. 
The Brg was found to react with the rubber stoppers, causing 
them to become hard and brittle. Therefore, when these samples 
were treated for extended periods, the rubber stoppers were 
replaced at 2-week intervals to avoid the possibility of con­
tamination. The treated mica samples from these experiments 
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were filtered and washed as described earlier for those treated 
in ampoules. Whenever the samples were treated with large 
volumes and short periods, they were filtered with a 18.5 cm 
Buchner funnel to minimize the filtering time, and a record 
was made of any extension in the period of Br2 contact that 
arose due to the filtering. 
Samples of Br^ -treated lepidomelane that ranged from 3 to 
5 g in amount were prepared for a study of their K release 
behavior. This was done by treating several individual 0.5 g 
samples of 10-20 [xm lepidomelane in the previously described 
manner and then combining them after they were filtered, 
washed, and air dried. 
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lY. RESULTS AND DISCUSSION 
A. Exchangeability of Potassium in Heated Micas 
The fact that micaceous minerals can be heated to change 
their K release behavior was established some time ago (Scott 
and Hanway, i960). Further evidence that the extraction of K 
# 
from micas can be modified by preheating the mineral has been 
provided by Robert and Pedro (I968, I969) and Robert (1971)' 
Indeed, they found less K was extracted by Na cobaltinitrite 
when biotite was heated to oxidize the Fe"*"*" in the mineral. 
Scott et al. (1972) also found the resistance of biotite to K 
depletion was enhanced by heat treatments, but unlike the re­
sults of Robert, the degree of K exchange attained with bio­
tite in NaTPB solution was not reduced by prior heating, only 
the rate of K exchange was impaired. The effects of various 
heat treatments on the exchangeability of K in several other 
micas have been determined as well (Scott et al., 1972). The 
K in muscovite was released much faster if the samples were 
preheated at temperatures above and progressively faster 
as the temperature was raised to 725°C. Preheating tempera­
tures up to 650°C had relatively little effect on the exchange­
ability of K in phlogopite, whereas heat-treatments re­
leased K in hydrobiotite by exfoliation and reduced the rate 
and degree of K exchange in fluorphlogopite. 
The various changes in exchangeability of K that have been 
induced by heating micas have been interpreted in terms of 
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dehydroxylation, oxidation, and structural adjustments in 
the micas. Reductions in the exchangeability of K in heated 
trioctahedral micas, for instance, have been attributed to a 
thermal oxidation of Fe^  ^and an associated change in OH ori­
entation. The enhanced exchangeability of K observed with 
heated dioctahedral minerals, on the other hand, is less clear, 
but appears to involve dehydroxylation and spatial adjustments 
in the structure. The changes in K exchangeability induced by 
heating fine-grained micaceous minerals are quite complex and 
cannot be easily interpreted in terms of these factors (Smith 
and Scott, 197^ ). Appreciable alterations in K exchangeability 
occurred in heated samples of these finely divided minerals, 
but the nature of the alterations varied with the mineral. 
The effects of thermal treatments on the exchangeability 
of K in micas provide an excellent means of studying the fac­
tors that govern interlayer cation exchange. Thus, a detailed 
study of the alterations that occur in heated micas was under­
taken. In doing so, the exchangeability of K in selected micas 
was changed as much as possible by applying a range of tempera­
tures and heating periods. Lepidomelane samples were selected 
for their Fe"*"^  content and subjected to heat treatments that 
would produce all levels of Fe^  ^oxidation. Muscovite samples 
were heated to achieve both Fe"*"^  oxidation and dehydroxylation. 
Since phlogopite contains little Fe"^ "*" and does not de hydro xy-
late until it decomposes at relatively high temperatures, it 
was used in some experiments for comparative purposes. All 
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heated samples were placed in NaCl-NaTPB solutions for vari­
ous periods to determine the exchangeability of their K. 
1. Effect of different heating temperatures 
The curves in Fig. 1 through 4 describe the K exchange be­
havior of heated and unheated samples of <50 ^im E. Muscovite, 
5-10 pim lepidomelane, and 10-20 |im phlogopite. These data were 
obtained with 0.5 g samples of the micas that were heated at 
specified temperatures for 24 hours and than placed in NaCl-
NaTPB solutions for different periods. More than 98^  of the K 
in the unheated samples of these size-fractions of the micas 
proved to be extractable. However, the extraction periods re­
quired for these maximum levels of K exchange varied with the 
mineral; about 4 years for E. Muscovite, 1 week for phlogopite, 
and 4 days for lepidomelane. Even though these results reflect 
some of the effects of particle size on K release, they empha­
size once more that K in dioctahedral mica (muscovite) is much 
less susceptible to exchange than the K in trioctahedral micas 
(lepidomelane and phlogopite), even when the blocking effects 
of K in solution are kept to a minimum (Scott and Smith, 1966). 
When the mica samples were heated at different temperatures for 
24 hour periods their K exchange behavior underwent a variety 
of changes. 
a. E^  muscovite The K exchange obtained with heated 
and unheated E. muscovite samples is shown in Fig. 1 and 2. 
The data for this mica had to be segregated into two graphs to 
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Fig. 2. K extracted from <50 urn E. muscovite samples that were heated at 800 or 
900OC for 24 hours and then placed in NaCl-NaTPB solution for different 
periods 
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clarify the mixed response that was induced by the various heat 
treatments. In general, the heat treatments enhanced the ex­
changeability of K in E. Muscovite as Scott et al. (1972) re­
ported earlier. As the preheating temperature was increased, 
however, both increases (Fig. 1) and decreases (Fig. 2) in K 
exchange rate were observed. 
A comparison of the individual K release curves of Fig. 1 
shows that the lower preheating temperatures, $00 and 600°C, 
were particularly effective in enhancing the rate with which 
the initial increments of K were extracted. With these heated 
samples, however, much of the K was released quite slowly and 
long extraction periods were still needed to approach the maxi­
mum K release level of the unheated material. The effect of 
even the 600°C pretreatment was not as pronounced as those re­
ported earlier by Scott et al. (1972) with <5 (xm samples of E. 
Muscovite that were heated at 4$0 and 600°C. Evidently, an 
increase in particle size (<50 versus <5 |im) that retards the 
release of K by unheated muscovite can also reduce the thermal 
alteration imposed by specific treatments. 
E. muscovite samples that were heated at 650 and 700°C 
exhibited a slower initial release of K than those heated at 
600°C (Fig. 1). This delay in K release was essentially the 
same for samples that were heated at 650 or 700°C and was evi­
dent for a period of only 3 hours. When longer NaCl-NaTPB ex­
traction periods (>10 hours) were used, however, progressively 
more of the K in the mica was released at a faster rate as the 
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preheating temperature was increased from 600 to 650 and then 
to 700°C. As a result, 90fo of the K was extracted from E. 
muscovite in 7 weeks when the samples were preheated at 650°C 
and in 1 week when they were preheated at 700°C, whereas ap­
proximately 40 weeks were needed for the unheated samples. 
The changes in K release that occurred in E. muscovite 
samples that were preheated at 800 and 900°C for 24 hours (Fig. 
2) were more complex than those observed with lower tempera­
tures (Fig. 1). The 800 and 900°C treatments produced a re­
duction in the initial K release that was not observed with 
any of the other temperatures. In fact, the amount of K re­
leased initially was reduced from approximately 12 meq %/100 g 
in the unheated samples to 4 and 2 meq I^ lOO g in the samples 
heated at 800 and 900°C, respectively. Also, the mica samples 
heated at 800 and 900®C exhibited greater delays in the sub­
sequent release of K than those observed with the 650 and 700°C 
treatments. It took approximately 6 hours before 10^  of the K 
was released by the samples preheated at 800°C and nearly 2 
days for the samples heated at 900°C. Samples that had been 
heated at 700°C for 24 hours had already released 42 and 83^  
of their K in these 6 hour and 2 day periods, respectively. 
However, once the initial delay in K release was over, K ex­
change in the 800®C preheated mica samples was quite rapid. 
As a result, after only 1 week the amount of K released by 
the samples heated at 800°C exceeded that released by the 
700®C samples. Increasing the preheating temperature from 800 
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to 900°C did not produce a similar effect because the higher 
temperature enhanced the initial delay of K release and de­
creased the subsequent rate of K release. With samples heated 
at 900°C, it took nearly 5 weeks to reach a K exchange level 
similar to that obtained in 1 week with samples preheated at 
700 or 800°C. Moreover, a small part of the K in 900°C samples 
was released so slowly that maximum exchange could not be an­
ticipated in less time than would be required by unheated mus-
covite. Thus, the benefits stemming from 900°C pretreatments 
center on the fact that heat treatments can also reduce the 
exchangeability of K in muscovite. 
Of all the treatments used, preheating at 800°C for 24 
hours was the most effective in making the greatest amount of 
K exchangeable (96^ ) in the shortest period (2 weeks). How­
ever, if samples with intermediate levels of K depletion need 
to be prepared, heat treatments at 650 or fOO^ C for 24 hours 
may be more useful. 
b. Lepidomelane The various curves in Fig. 3 describe 
the K release behavior of 5-10 p.m lepidomelane samples that 
were heated at different temperatures for 24 hours. In gen­
eral, the amount of K released in a specified period decreased 
progressively as the preheat temperature was increased from 
400 to 950°C. Whereas it required 2 days to obtain 95^  K ex­
change in unheated lepidomelane samples, periods up to 24 weeks 
had to be used to achieve 95^  K exchange with lepidomelane 
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K extracted from 5-10 |im lepidomelane samples that were heated at differ­
ent temperatures for 24 hours and then placed in NaCl-NaTPB solution for 
different periods 
were heated at 4^ 0 and 500°C the rate of K release was reduced 
to such an extent that it would appear that several years 
would be needed to obtain this same 959^  K exchange. 
As much as 98^  of the K in unheated lepidomelane samples 
was extracted by the NaCl-NaTPB solution. This was also true 
for the samples that were preheated at 400°C, but they required 
nearly 30 weeks for this maximum level of K exchange instead of 
the 6o hours required by unheated samples. Whether lepidome­
lane samples heated at 4^ 0 and 500°C would ever reach this 
level of K exchange is not known. On the other hand, the 
lepidomelane samples heated at even higher temperatures obvi­
ously would not. Instead, an exchange of no more than 70fo was 
possible with the lepidomelane samples heated at 550 or 700°C. 
That is, a substantial portion of the K was rendered unexchange­
able to NaCl-NaTPB solutions by these heat treatments. In 
similar experiments with heated biotite samples in Na co-
baltinitrite solution Robert (1971) observed a reduction in 
the maximum degree of K exchange. In his experiments, heat 
treatments at 620°C reduced the maximum K exchange in biotite 
to 65^ , whereas preheating at 750°C reduced it to only 40#. 
Scott et al. (1972), however, heated biotite at 450 and 600°C 
for 24 hours and found the maximum level of K extracted by 
NaCl-NaTPB was unaffected. This difference in the observed 
effects of heating on the maximum level of K exchange in heated 
biotite was explained by Scott et al. (1972) as being due to a 
lower level of K in solutions that contain NaTPB rather than 
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Na cobaltinitrite (solubility of K tetraphenylboron and K co-
baltinitrite in HgO being 1.8 x 10~^  and 2 x 10 ^  moles/liter, 
respectively). Now we find that the maximum level of K ex­
change in lepidomelane can also be reduced by heating, even 
though NaTPB is used. Obviously, the thermal alterations in 
the lepidomelane were even more drastic than those in the 
heated biotite and enough to block the release of some inter-
layer K to solutions with as low a dissolved K level as the 
NaTPB permits. Unlike the results of Robert (1971), the re­
duction in maximum K extraction for lepidomelane was limited to 
a well-defined level of 70^  and did not change when the heating 
temperature was increased from 550 to 700°C. Lepidomelane sam­
ples that were heated at 850 and 950°C released their K so 
slowly it would take many more years of treatment with NaCl-
NaTPB before it would be known if their maximum level of K 
exchange was changed from that of the 700°C treatment. 
c. Phlogopite The amounts of K extracted from 10-20 
ixm phlogopite samples during most of the contact periods were 
generally lower if the mica had been heated (Fig. 4). These 
differences were due to the fact that the release rate for much 
of the K was reduced by the preheating treatments as it was in 
lepidomelane. The phlogopite changes, however, were much 
smaller than those observed with lepidomelane. Moreover, the 
later stages of K release in phlogopite occurred at a higher 
rate in the heated samples and fast enough that unheated and 
preheated samples reached the same level of K exchange in ap­
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Fig. 4. K extracted from 10-20 urn phlogopite samples that were heated at different 
temperatures for 24 hours and then placed in NaCl-NaTPB solution for dif­
ferent periods 
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of K extracted were relatively unaffected by the heat treat­
ments. Even a pretreatment at 850°C failed to alter the maxi­
mum amount of K extracted or the contact time needed to ex­
tract this much K. 
d. Range of mica response To characterize all the 
effects of a particular heat pretreatment on the exchangeabili­
ty of K in micas, it is necessary to show the entire K extrac­
tion curve as was done in Fig. 1 to 4. To show the range of 
effects that can be achieved with different temperatures and to 
compare micas in terms of their response to preheating, how­
ever, the amounts of K extracted in selected contact periods 
with NaTPB solutions are more useful. Thus, mica samples were 
heated for 2k hours at several temperatures up to 1000°C and 
then placed in NaCl-NaTPB solution for 3 days (lepidomelane) 
or 1 week (E. muscovite and phlogopite). These K extraction 
periods (3 days and 1 week) were selected, because as shown 
in Fig. 1 to 4 they were particularly responsive to the changes 
in K release induced by preheating and they reflect the changes 
in K exchange rate that are produced by preheating, not the 
maximum degree of K exchange achieved. The amounts of K ex­
tracted from the various heated mica samples by these specified 
contact periods are reported in Fig. 5» 
Heating the E. muscovite samples at temperatures up to 
350°C produced a small decrease in the amount of K released in 
1 week. As the heating temperature was increased further, how­
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the samples that were heated at 725°C. At this maximum level 
of K release, 9^  ^of the K in the <50 urn E. muscovite was re­
placed in 1 week instead of the 1 year required with unheated 
samples. 
The data in Fig. 3 show only the reductions in K exchange­
ability that occur when lepidomelane samples are heated, but 
it is evident from Fig. 5 that this heating effect is negli­
gible until the temperature exceeds 300°C. By comparison 
phlogopite was little affected by preheating temperatures up 
to 850°C. The greatest reduction in K exchange in lepidomelane 
samples occurred in the samples that were heated at tempera­
tures between 400 and 600°C. Lepidomelane samples heated at 
700°C and higher exchanged very little K in the 3 day K ex­
traction period, so differences in their K exchange behavior 
are not described by these data. As illustrated in Fig. 3» 
differences in K exchange did exist in the lepidomelane samples 
that were heated at 700, 850 and 950°C. While these differ­
ences were not evident in the short K extraction periods, a 
comparison of data for substantially longer contact periods 
would not describe the differences in K exchange due to lower 
temperatures. Thus, it is evident that Fig. 5 has limitations, 
but it does provide a good description of much of the change in 
K exchangeability that occurred in heated lepidomelane samples. 
Similarly, the phlogopite curves in Fig. 4 show that phlogopite 
is not entirely immune to the effects of preheating as might be 
suggested by the 1 week K extraction results in Fig. 5« On 
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the other hand, the data in Fig. 5 show a substantial reduction 
in K exchangeability occurred in phlogopite samples that were 
heated in excess of 850°C. 
Considering the data for all micas in Fig. 5» it is evi­
dent that differences in the response of micas to preheating 
exist, not only between dioctahedral and trioctahedral mica 
groups, but also among the trioctahedral micas. The changes 
in K exchangeability in heated Muscovite were particularly com­
plex. K exchange in both phlogopite and lepidomelane was de­
pressed by heat treatments, but lepidomelane was much more 
sensitive to preheating than phlogopite. These results 
corroborate previous observations (Scott et al., 1972) of a 
similar relationship between the K exchange behavior of heated 
phlogopite, E. Muscovite and lepidomelane samples. 
2. Effect of different heating periods 
The changes in K exchangeability that were induced in mica 
samples by 24-hour heat treatments varied widely with the heat­
ing temperature. It was anticipated that the time of heating 
would also have an effect on the exchangeability of K in mica. 
Therefore, experiments were carried out with a variety of heat­
ing periods as well as different temperatures. Since the <50 
lim E. muscovite and 5-10 |im lepidomelane samples responded very 
well to 24-hour heat treatments, they were selected for this 
experiment on heating periods as well. From earlier work on 
the effects of particle size on interlayer K exchange in micas 
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(Scott, 1968), it was known that the results obtained with the 
E. Muscovite could be confounded by the presence of very small 
particles and the wide range of particle sizes in the <50 
samples. Thus, another muscovite sample (K. Muscovite) with a 
particle size range of 10-20 p,m was also included. In these 
experiments, O.5 g samples of each mica were exposed to vari­
ous combinations of heating temperatures and periods and then 
placed in NaCl-NaTPB solutions to extract K for specified 
periods. 
a. muscovite Heated samples of <50 p,m E. muscovite 
were placed in NaCl-NaTPB solutions for 1 week to determine the 
effects of different heating periods on the exchangeability of 
K in the mica. As shown in Fig. 6, the amounts of K released 
in 1 week were not affected by even long periods of preheating 
at 300®C, whereas, they increased progressively as the period 
of heating at 450°C was increased. Evidently, there is a mini­
mum temperature between JOO and 450°C that is needed to initi­
ate a change in the K release behavior of this mica. No at­
tempt was made to delineate this minimum temperature because 
the curves in Fig. 6 show a close relationship between heating 
periods and temperature also exists. 
The shortest heating period used in this experiment was 10 
minutes. Even with this short period, the different tempera­
tures had a profound effect on the amount of K extracted in 1 
week. A 10 minute pretreatment at 900°C, for instance, in­
creased the extracted K from 79 meq/100 g in the unheated 
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Effect of heating periods on the K extracted from <50 lam E. muscovite 
samples that were heated at different temperatures and then placed in 
NaCl-NaTPB solution for 1 week 
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sample to 206 meq/100 g. To achieve this level of K exchange, 
heating periods of 3 hours and 6 days were required at 800 and 
700°C, respectively. Whether similar results could be obtained 
at 600 and 450°C is not known but an extrapolation of the 
curves for these temperatures show the heating periods would 
have to be unduly long. On the other hand, the merits of using 
short periods at high temperatures to obtain maximum changes in 
K exchangeability are countered by the observation that heating 
periods in excess of 10 minutes and 8 hours at 900 and 800°C, 
respectively, can cause a decrease in K exchange. Indeed, even 
the 10 minute-900°C treatment did not yield the maximum level 
of K exchange. The maximum amount of K exchange (210 meq/100 g 
or 96^ ) occurred instead in the samples that were heated at 
800°C for 8 hours or at 700°C for at least 4 days. 
The 450 and 600°C curves and most of the 700°C curve in 
Fig. 6 describe a linear relationship between the preheating 
period and the amount of K extracted in 1 week. Moreover, once 
the 700°C treatment yielded a maximum K release of 96^ , no 
further change in K release occurred when the heating period 
was extended from 4 to 8 days. Thus, samples of the <50 p.m E. 
muscovite that have been heated for different periods at tem­
peratures between 450 and 700°C should provide an excellent 
basis for a study of the factors governing interlayer K 
exchange. 
To further delineate the effects of heating periods on K 
exchangeability, complete K exchange curves were obtained with 
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E. muscovite samples that were preheated at 800®C for 1 and 8 
hours. These K exchange curves are compared in Fig. 7 with 
the curves obtained earlier for unheated and 800°C-24 hour 
preheated E. muscovite. 
Increasing the heating period from 1 to 8 hours slowed 
down the onset of K release, but after 30 hours of reaction 
with NaCl-NaTPB solutions more K was released by the 8-hour, 
preheated samples. The development of a greater lag in the 
initiation of K release in the longer heated samples is com­
parable to the lag induced by heating the samples for 2k hours 
at higher temperatures (650, 700, and 800°C in Fig. 1 and 2). 
Similarly, the longer heating periods at 800°C produced higher 
subsequent rates of K release just as higher temperatures for 
24 hours did before. Thus, once again it is evident that some 
heating temperatures and periods can be used interchangeably 
to achieve similar changes in K exchangeability. 
Samples heated at 800°C for 24 hours exhibited a lower 
initial K release than the unheated mica. This decrease did 
not occur when the heating period was only 1 or 8 hours and it 
did not alter the maximum levels of K exchange attained by the 
different heating periods. Nevertheless, this reduction in 
initial K release is probably an early manifestation of the 
reversal in K exchangeability that occurred when samples 
were heated long enough at high temperatures (e.g., >8 hours 
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b. musc0vite To avoid uncertainties about the K 
release data that might be due to particle size and to obtain 
more detailed information about the effects of heat duration 
on K exchangeability in dioctahedral micas, 10-20 (j,m K. 
muscovite samples were heated at 600 and 800°C for different 
periods and then placed in NaCl-NaTPB solutions. 
The exchangeability of K in the 600°C-heated K. muscovite 
samples increased progressively as the period of heating was 
increased from 15 minutes to 2 weeks (Fig. 8). Apparently, 
more of the K was subject to rapid exchange when the heat 
treatment was prolonged. As a result, maximum K exchange (9^ )^ 
was attained in only 2 days instead of the 24 weeks required 
with unheated samples. The changes in K release that were ob­
served when K. muscovite samples were heated for increasing 
periods (Fig. 8) are similar to those obtained with E. musco­
vite samples (Fig. 1) that were heated for 24 hours at pro­
gressively higher temperatures, but under 700°C. As with high­
er temperatures, the longest heating periods initiated a 
slightly greater lag in the initiation of K release. Other­
wise, however, even a heating period of as much as 2 weeks at 
600°C did not produce the reversal in K exchangeability that 
even 1 hour at 800°C caused in E. muscovite. Evidently, heat­
ing temperatures below certain levels can only evoke an in­
crease in K exchangeability in dioctahedral micas. 
When K. muscovite samples were heated at 800°C for periods 
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able than it was in the unheated material (Fig. 9)« A com­
parison of the K release behavior of the samples that were 
heated for different periods, however, shows the K was less 
easily replaced as the period of heating was increased. The 
main effect of longer heating periods was one of enhancing 
the initial delay of K release. As the heating period in­
creased, it took progressively longer for even a 10 meq/100 g 
K release, but once the K release got underway the subsequent 
release of K was quite rapid and only 1 week was needed for 
9Wo K exchange. Another 2^  of the K was relatively unaffected 
by the heating period and was eventually exchanged by weeks of 
treatment with NaCl-NaTPB solutions. 
The K release data for the 800°C-heated K. muscovite 
verify previous observations with E. muscovite that combina­
tions of high temperatures and long heating periods can reverse 
the effects of milder heat treatments on K exchangeability in 
dioctahedral micas. Minor differences in the response of 
800°C-treated K. muscovite (Fig. 9) and E. muscovite (Fig. 7) 
to different heating periods would suggest that particle size 
distribution may be a factor, but no major differences due to 
fines in the <50 p.m E. muscovite were evident. More important 
than these indications about particle size effects, however, 
the K muscovite data show prolonged heating at specific tem­
peratures can be used to obtain progressive increases or de­
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c. Lepidomelane The curves in Fig. 10 show the ef­
fects of different heating periods on the amount of K extracted 
from 5-10 |im lepidomelane samples that were placed in NaCl-
NaTPB solution for 3 days. Preheating lepidomelane at 300°C 
for even extended periods had very little effect on the amount 
of K released; however, substantial reductions occurred when 
the samples were heated at for periods exceeding 1 hour. 
At higher temperatures, K exchange was appreciably reduced by 
just a 15 minute treatment and progressively more reduced as 
the heating period was increased. At 500°C, for instance, 
the amount of K release in 3 days was reduced to 152 meq/100 g 
(79^  of the total) by preheating the lepidomelane samples for 
15 minutes and further reduced to 22^  by preheating for 24 
hours. Only 1 hour of heating at 550°C was needed to produce 
the same effect as heating at 450°C for 40 hours. For a maxi­
mum reduction in the 3 day, exchangeable K values, the 
lepidomelane had to be heated at 700°C for at least 24 hours. 
As shown by the curve for 600°C, longer heating periods at the 
lower temperatures (and possibly shorter periods at tempera­
tures above 700°C) should maximize the changes in K exchange­
ability as well. In any event, the data in Fig. 10 show heat­
ing periods are just as important as heating temperatures above 
300°C in causing changes in K exchangeability in lepidomelane. 
Even though 3 day extraction periods with NaCl-NaTPB solu­
tions provide a useful means of comparing the effects of vari­
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. 10. Effect of heating periods on the K extracted from 5-10 urn lepidomelane 
samples that were heated at different temperatures and then placed in 
NaCl-NaTPB solution for 3 days 
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this procedure must be kept in mind. The value of using other 
contact periods to describe various effects of heat treat­
ments on K exchangeability is very evident in Fig. 3» Thus, 
complete K exchange curves were obtained with lepidomelane 
samples that were heated for different periods. For this ex­
periment, heating periods of 3 hours and 9 days at ^ 50°C were 
selected to approximate (according to data in Fig. 3 and 10) 
the effects of 24 hour heating at 400 and 0^0^ 0, respectively. 
The amounts of K extracted by various NaCl-NaTPB contact peri­
ods after each of these heat treatments are compared in Fig. 
11. For clarity, the curves for the samples heated for 24 
hours at 400, 450, and ^ 00°C (from Fig. 3) and for unheated 
mica are shown without data points. Obviously, these curves 
also provide a very good description of the K release behavior 
of the samples that were heated for different periods at 450°C. 
While higher heating temperatures were very effective in caus­
ing changes in the exchangeability of K, appropriate heating 
periods at lower temperatures were just as good. Moreover, 
the relative impact of heating periods and temperatures was 
applicable to the exchange behavior of all the K, not just a 
portion of it. 
3. Relation to mineral alterations 
Several alterations can occur in mica as a result of heat­
ing (Brett et al., 1970; Vedder and Wilkins, I969; Rimsaite, 
1970). The structural OH groups in mica may be lost or altered 
Pig. 11. Comparison of K extracted fix)m 5-10 (im lepidomelane samples that were 
heated at different temperatures for 24 hours (solid lines) and those 
that were heated at 450^ 0 for 3 hours (open circles) or 450^ 0 for 9 days 
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by Fe"*"^ oxidation and dehydroxylation, and various dimensional 
changes can occur as a result of heating. Each of these al­
terations in heated mica may have an effect on the exchange­
ability of interlayer K. Many reports have suggested that 
Fe*^ oxidation will inhibit K release. The effects of dehy­
droxylation and spatial rearrangements in the mineral, however, 
are less clear. 
In order to clarify the effects of Fe^^ oxidation, dehy­
droxylation, and spatial rearrangements on the exchangeability 
of interlayer K, various determinations of d(OOl), weight loss, 
and Fe^* were carried out with heated and unheated mica sam­
ples and compared with the K extraction data for the samples. 
The d(OOl) measurements were obtained by X-ray diffraction to 
determine how much change in interlayer spacing actually oc­
curred in the heated samples. Weight loss analyses were car­
ried out to determine the extent of dehydroxylation in the di-
octahedral micas where errors from deprotonation, Fe ejection, 
etc., were small. Changes in the oxidation status of octahe­
dral Fe were determined with heated samples of both diocta-
hedral and trioctahedral micas even though their Fe^^ levels 
were quite different. 
a. Changes in d(OOl) Samples of <50 p.m E. Muscovite 
and 5-10 fim lepidomelane were oriented on ceramic tiles and 
X-rayed before and after heating in a muffle furnace. Changes 
in the location of the d(OO.lO) reflections (5th order for 
mica) for the Muscovite and the d(005) reflections for the 
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lepidomelane samples were used to calculate any changes that 
occurred in the basal spacing of the heated micas. The X-ray 
diffraction peaks for these reflections occurred at 28 angles 
(with Cu K^) of 45.60 and 4^.40° for the unheated Muscovite and 
lepidomelane, respectively, and shifted at most to 4^.15 and 
^5«75° for the heated samples. The changes in K exchange­
ability reported earlier for heated samples of these micas are 
in accord with the effects that might be anticipated from the 
changes in d(OOl) that are shown in Fig. 12 for Muscovite and 
Fig. 13 for lepidomelane samples. 
Muscovite expanded in the c direction when it was heated. 
As shown in Fig. 12, a second distinct peak for dehydroxylated 
muscovite developed at lower 20 values. As the heating period 
or temperature increased, the intensity of the second peak in­
creased at the expense of the original peak for the unaltered 
muscovite. This development of a second distinct peak and the 
lack of any evidence of interstratification in the heated mica 
suggests that dehydroxylation started at the edge of the parti­
cles and proceeded toward the center of the particles. The 
same change in basal spacing occurred when the muscovite 
samples were heated at 700°C for different periods or at dif­
ferent temperatures for 24 hours. The calculated Ad(002) was 
0.094 X which means that the increase in basal spacing (repeat 
distance of successive layers) in heated muscovite was 0.094 1. 
Since some of the Ad(002) can be attributed to increase in the 
interlayer spacing, the interlayer K would have to be easier 
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12. Smoothened X-ray diffraction tracings of the (00.10) 
reflections of <50 urn E. muscovite samples that were 
oriented on ceramic tiles and heated at 700^0 for 
different periods or at different temperatures for 
24 hours 
Fig. 13. Smoothened X-ray diffraction tracings of the (OO5) 
reflections of 5-10 p.m lepidomelane samples that 
were oriented on ceramic tiles and heated at 
450°C for different periods or at different tem­
peratures for 1 hour 
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to replace in the heated samples. 
Vedder and Wilkins (I969) and Eberhart (I963) observed 
a similar increase in the c dimension of their heated musco-
vite. Cole (I969) also found that muscovite expanded when it 
was dehydroxylated by heating. Illite and montmorillonite 
(Grim and Bradley, 1940), kaolinite (Brindley and Gibbon, 
1968), and pyrophyllite (Wardle and Brindley, 1972) are other 
dioctahedral layer silicates that have been expanded in the c 
direction by heating. 
Drits (1969) has pointed out that a loss of OH groups in 
trioctahedral micas should cause a decrease in d(OOl). Heat­
ing trioctahedral micas, therefore, could reduce the inter­
layer separation and make the interlayer K more difficult to 
replace. Measurements of the d(OOl) of heated and unheated 
lepidomelane samples verify that such changes in basal spacing 
do occur (Fig. 13). The X-ray diffraction tracings of the 
(005) reflections for lepidomelane are characterized by a 
single peak that gradually shifted to higher 20 angles as the 
samples were heated. No maxima broadening, skewing, shoulders, 
or other evidence of mixed layering were observed. Instead 
the location of the maxima was shifted by amounts that varied 
with the heating period and temperature. Thus, the reaction 
causing the change in basal spacing must have occurred through­
out the mica particles and did not produce any new phases. The 
mica crystals simply shrank along the c direction when they 
were heated. 
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A maximum reduction in basal spacing of 0.073 ^  was ob­
tained with lepidomelane samples that were heated for 1 hour 
at 700°C. While data are not presented in Fig. 13, any com­
bination of higher temperatures or longer heating periods did 
not change the basal spacing any more. Lower temperatures 
and shorter heating periods obviously produced smaller changes 
in basal spacing (e.g., 0.052 1 by 96 hours heating at ^50°C). 
To the extent that these reductions in basal spacings reflect 
a decrease in the distance between adjacent mica layers, the 
interlayer K should have been rendered less exchangeable. 
The number of OH groups in heated lepidomelane was 
probably decreased by deprotonation and dehydroxylation but 
this is not the only heat induced process that might account 
for a decrease in the d(OOl) of trioctahedral micas. In fact, 
the oxidation status of Fe in lepidomelane may be a more sig­
nificant factor. A decrease in cell dimensions was observed 
in several studies of heated amphiboles and high Fe kaolinites 
(Addison and Sharp, 1962). This decrease was attributed to the 
replacement of Fe^^ by the smaller Fe**^ ions in the minerals. 
On the basis of a carefully controlled set of synthesis, Wones 
(1963) showed that the a, b and c dimensions all decreased with 
increasing Fe*** content. Idmsaite (I967) compared X-ray dif-
fractometer traces of heated and unheated biotites and found 
the d(OOl) and d(OlO) of the heated biotite were both reduced 
and by amounts that were related to the proportion of oxidized 
Fe. 
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The changes in basal spacing that were observed with 
heated samples of E. Muscovite and lepidomelane are consistent 
with the changes in K exchangeability that occurred in the 
heated mica. That is, K release should have been enhanced by 
the expansion of muscovite and reduced by the contraction of 
lepidomelane. The validity of this assumption, of course, is 
limited by the degree to which the changes in d(OOl) reflect 
a change in the interlayer spacing. In any event, the magni­
tude of the changes in basal spacings are too small to be more 
than an indication of whether an increase or decrease in K 
exchangeability should be expected. 
b. Dehydroxylation One of the main alterations that 
occur in heated dioctahedral micas is dehydroxylation. When 
this process occurs, OH groups combine to form HgO molecules. 
The KgO is evolved and 0 are left in the mineral. Thus, weight 
loss determinations have been used as a measure of the dehy­
droxylation that occurs in heated mica. Any loss of sorbed 
HgO or other mica components like F, etc., will detract from 
the accuracy of this method of determining the degree of 
dehydroxylation. 
Weight loss determinations were carried out with 0.5 g 
samples of E. muscovite that were heated for 24 and 96 hours 
at different temperatures. The amounts of weight loss were 
expressed in terms of the oven-dry (110°C - Zk hours) weights 
of the samples. Consequently, most (but not all) of the 
weight losses due to sorbed H2O were avoided. Errors due to F 
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or other volatile components in the mica were also minor for 
the E. muscovite. Thus, the weight loss data presented in 
Fig. 14 can be largely identified with the dehydroxylation 
that occurred in the heated samples. 
The weight loss between 110 and 400°C was probably due to 
a small amount of adsorbed water which was not removed by oven 
drying at 110°C. This adsorbed water was removed readily and 
did not cause a difference in the weight lost during the two 
heating periods. The E. muscovite samples started to dehy-
droxylate at approximately 400°C. Once dehydroxylation was 
initiated, the longer heating periods should have caused more 
dehydroxylation and it is evident from Fig. 14 that they did. 
Maximum dehydroxylation was achieved when the mica was heated 
at 800°C for either 24 or 96 hours. Dehydroxylation at this 
point produced a weight loss of 5^ which equals the theoretical 
amount of OH in the structural fonnula of E. muscovite. 
It has been shown (Fig. 5 and 6) that no increase in K 
release occurred in heated E. muscovite until the heating 
temperatures exceeded 300°C. Apparently, the loss of adsorbed 
HgO had no effect on K exchange but all heating treatments that 
caused a loss of structural OH also affected the release of K. 
Indeed preheating at 400°C for 24 hours marked the start of an 
increase in K exchange (Fig. 5) and as shown in Fig. 14 this 
was the point at which dehydroxylation started. A comparison 
of the data in Fig. 5 and 14 also makes it clear that an in­
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Fig. 14. Weight loss by <50 urn E. muscovite samples heated at different tempera­
tures for 24 and 96 hours 
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the K exchange and the dehydroxylation. The amounts of X re­
leased in 1 week by heated muscovite reached a maximum at a 
temperature of 725°C, whereas complete dehydroxylation re­
quired a heat treatment of 800°C for 24 hours. Further study 
of the relative changes in K exchangeability and dehydroxyla­
tion in heated muscovite seemed to be warranted. 
The amounts of K that were extracted by placing heated E. 
muscovite samples in NaCl-KaTPB solutions for 1 week and the 
weight loss that occurred during the heat treatment of the mica 
are compared in Fig. 15. The data for this comparison were 
obtained with mica samples that were heated for different 
periods at several temperatures. The K release remained con­
stant until the heat treatment removed the sorbed water and/or 
initiated dehydroxylation. Once the weight loss exceeded 
about 1^, a close linear relationship between K release and 
weight loss (presumably dehydroxylation) was observed. This 
relationship persisted until the weight loss exceeded 4.5^ and 
heat treatments more severe than 800°C for 24 hours v/ere em­
ployed. Evidently, some of the decrease in K release that 
was attributed in Fig. 5 to an effect of high heating tempera­
tures occurred while weight was still being lost. According 
to Roy (1949) the structure of mica is destroyed by tempera­
tures between 9^0 and ÇSO^C, but the effects of particle size, 
etc., may have been enough that even the 800°C treatments 
caused enough recrystallization in the E. muscovite to account 
for the decrease in K exchange. In any event, the data in 
Fig. 15« Relationship between the K released by heated <50 um E. Muscovite 
samples in KaCl-NaTPB solution for 1 week and the mica weight loss 
during the heat treatment 
280 
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Fig. 5 make it clear that dehydroxylation is primarily respon­
sible for the increase in K exchangeability in heated musco-
vite. 
The interlayer K in unheated muscovite is generally much 
less susceptible to exchange than K in trioctahedral micas—a 
situation that is usually attributed to the orientation of the 
OH dipoles in muscovite (Bassett, I96O). In the unheated 
muscovite, the OH bonds are inclined toward the cleavage 
plane and the H does not provide as much shielding between the 
K and 0 ions. When muscovite is heated, however, the situation 
is reversed in that their interlayer K is easier to replace 
even though any shielding due to H has been eliminated by de­
hydroxylation. Either the original explanation for the dif­
ferences in K release by dioctahedral and trioctahedral micas 
was wrong or other changes in the heated muscovite overshadow 
the loss of a H shielding effect. Vedder and Wilkins (I969) 
have verified by infrared analysis that OH groups are lost when 
muscovite is dehydroxylated, but in addition they concluded 
the SiO^ tetrahedra are tilted from their usual position. 
This suggestion is consistent with the evidence from a one-
dimensional analysis of dehydroxylated muscovite by Eberhart 
(1963) which shows the residual 0 from a condensation of two OH 
groups moves toward the plane of octahedral cations. This loss 
of HgO and shift in the position of the residual 0 would cer­
tainly cause some distortion in the silicate structure. More 
important, however, it would move the 0 farther from the inter-
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layer K and thereby reduce the K-0 interaction. K ions in this 
environment should be easier to replace. 
c. Iron oxidation E. Muscovite contains such a small 
amount of Fe** (23.3 ramoles/100 g) its oxidation was not ex­
pected to have an effect on K release in heated samples. 
Nevertheless, samples of Muscovite were heated at different 
temperatures for 24 hours and the amount of Fe*^ oxidized and 
amount of K extracted in 1 week were compared (Fig. 16). The 
oxidation of Fe^* did not amount to much until the temperatures 
exceeded 200°C, but was complete in the samples that were 
heated at ^OO^C. On the other hand, most of the changes in K 
release occurred when the mica was heated at even higher tem­
peratures. Similar changes in K release were observed with 
heated samples of K. muscovite that contained much less Fe^* 
(12.2 mmoles/100 g). Thus, Fe"^"*" oxidation is not considered 
to be responsible for the changes in K release behavior that 
occur in heated muscovite. 
In this study, it has already been shown that both the 
rate and degree of K release by lepidomelane can be greatly 
inhibited by preheating the mica samples (Fig. 3, 5. 10, and 
11). Since other workers (Ismail, 1970; Newman, 1970; Robert, 
1971; Scott et al., 1972) have shown that K release is reduced 
when biotites are thermally oxidized, it was assumed that Fe 
oxidation was responsible for the changes in K release behavior 
that were observed with lepidomelane. Verification of this 
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Fig. 16. ++ Pe'• oxidized by heating <50 E. Muscovite samples at different tem­
peratures for 24 hours and the K subsequently extracted by placing the 
heated samples in NaCl-NaTPB solution for 1 week 
tv> 
1 1 1 1 1 1 r 
L E P I D O M E L A N E  
PREHEAT TEMPERATURE(X) 
Fig. 17. oxidized by heating 5-10 |im lepidomelane samples at different 
temperatures for 24 hours and the K subsequently extracted by placing 








































Fig. 18. Relationship between the K released by heated 5-10 urn lepidomelane 
samples in NaCl-NaTPB solution for 3 days and Pe+* oxidized by the heat 
treatment 
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The amounts of Fe*^ that were oxidized in 5-10 |im lepido-
melane samples that were heated at different temperatures for 
24 hours and the amounts of K that were extracted from these 
heated samples in a 3 day period are shown in Fig. 1?. An 
inverse relationship between Fe^^ oxidation and K release 
appears to exist, in that less K was extracted when more Fe"^"^ 
was oxidized. Heating lepidomelane samples at 500°C for 24 
hours, for instance, resulted in Fe^^ oxidation and a 
reduction in the amount of K released. Further evidence of 
this relationship is provided in Fig. 18 where the amounts of 
K extracted in a 3 day period are plotted against the amounts 
of Fe^ oxidized in the heated lepidomelane samples. These 
data were obtained with many lepidomelane samples that were 
heated at different temperatures and for various periods. A 
progressive increase in the oxidation of Fe** in lepidomelane 
resulted in a progressive reduction in the amount of K release. 
In terms of percentage changes, this relationship says an 
oxidation of Z^fo of the Fe"*"*" would produce a decrease in K 
exchange. Such a 1:1 relationship is probably fortuitous since 
the decrease in K release was determined with an arbitrarily 
selected 3 day period. Moreover, it should be reiterated that 
heat treatments produced changes in K exchangeability other 
than those recorded in a 3-day extraction period. Neverthe­
less, the data in Fig. 18 verify the fact that Fe^^ oxidation 
can have an appreciable effect on the exchangeability of inter-
layer K in micas. Presumably, Fe** oxidation has this effect 
127 
on K exchangeability because an associated removal of H from 
the OH groups (deprotonation) removes the shielding effects 
of H ions between the 0 of the OH*s and interlayer K. 
While the decomposition of the structural OH in Fe rich 
mica occurs primarily by a deprotonation process that is 
associated with Fe"*"*" oxidation some dehydroxylation may occur 
(Vedder and Wilkins, 1969; Rimsaite, 1970). The amount of de­
hydroxylation in heated lepidomelane is very small and is not 
expected to have any appreciable effect on K exchange. The 
percentage weight loss that was observed in this study with all 
the lepidomelane samples that were heated between 400 and 800°C 
was only 0.70 to 0.85# and much of this weight loss is probably 
due to adsorbed H^O rather than structural OH groups. Heating 
lepidomelane samples at 950°C for 24 hours resulted in 1.58# 
weight loss. At this temperature the additional weight loss 
could have been due to dehydroxylation, but structural break­
down would also occur and cause some of the changes in K ex­
change. As far as the major changes in K exchangeability are 
concerned, they occurred at much lower temperatures (Fig. 3) 
and have to be attributed to Fe** oxidation and deprotonation. 
By comparison to muscovite (Fig. 1 and 2) or lepidomelane 
(Fig. 3) the exchange of K in phlogopite (Fig. 4) was little 
affected by the preheat treatments. The phlogopite contained 
very little Fe** (24.2 mmoles/100 g) for oxidation and the OH 
is thermally more stable than in either muscovite or biotite 
(Vedder and Wilkins, 1969; Rimsaite, 1970). Thus, the 
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phlogopite results provide further evidence that it is the 
thermal decomposition of OH by either Fe oxidation or dehy-
droxylation that is responsible for the changes observed in 
the exchangeability of K in heated micas. 
B. Bromine Oxidation of Iron in Lepidomelane 
Thermal treatments provide one means of studying the ef­
fects of Fe^^ oxidation on the exchangeability of K in micas, 
but the associated effects of dehydroxylation must be accounted 
for. Thus, to isolate the effects of just Fe^^ oxidation, much 
attention has been given to the possibilities of using wet 
chemical methods for this oxidation. '^2.^2 NaOCl solutions 
have been commonly used in these wet chemical treatments and 
it has been reported that such treatments have oxidized Fe^^ 
in biotite and vermiculite and have caused a reduction in K 
exchangeability (Barshad and Kishk, I968; JUo and White, I969). 
There is some question, however, whether H2O2 oxidation of 
Fe"*"*" in biotite can occur in unexpanded portions of the mineral 
(Ross and Rich, 197^; Robert and Pedro, I969). This is 
probably also true of NaOCl. 
Brg has also been used to oxidize the Fe in biotites 
and vermiculites (Farmer et al., I968, 1971; Gilkes et al., 
1972a). Farmer and Wilson (I97O) successfully converted bio­
tite to hydrobiotite in the laboratory by using Brg with MgClg 
to oxidize Fe** as well as replace K by cation exchange. 
Chlorite has also been weathered to vermiculite by chemically 
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oxidizing the mineral with (Ross, 1975)* A particular 
interest in Br2 has developed, however, "because it has been 
reported that Brg produces oxidized biotites resembling those 
found in soils (Gilkes et al., 1972b) and that oxidation by 
Br^ occurs without prior expansion of the mineral (Gilkes 
et al., 1972a). These conclusions are based on their X-ray 
diffraction data which indicated that the Br2-treated biotite 
had not undergone any major changes in structure or basal 
spacing. 
Such observations led us to believe that Br2 treatments 
might be one means by which unexpanded mica, with varying 
degrees of structural Fe^ oxidation, could be prepared for 
further studies on the role of Fe^ oxidation in interlayer K 
exchange. To pursue this approach, however, it was necessary 
to establish the conditions and procedures required for the 
Brg treatments and to verify the extent to which Fe"^^ in mica 
can be oxidized when the expansion of the mica is controlled. 
These experiments provided us with many small samples of 
treated mica that were used to determine the changes induced 
in the exchangeability of K in the mica. Subsequently, larger 
mica samples receiving selected Brg treatments were more fully 
characterized. 
1. Conditions affecting iron oxidation 
In a series of preliminary experiments on Brg oxidation, 
0.5 g samples of 10-20 |im lepidomelane were treated with Br2-
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saturated HgO solutions in sealed glass ampoules. These ex­
periments were carried out to obtain general ideas about the 
experimental conditions that might be needed to control the 
oxidation of Pe^^ in mica by Br^. Thus, the effect of treat­
ment period, solution temperature, solution volume, ampoule 
size, shaking, and additions of salt to the Br^-saturated H2O 
solutions were investigated. NaCl was used in some of the 
solutions to promote Fe"*"^ oxidation through a release of in-
terlayer K whereas KCl was used in others to inhibit mica ex­
pansion. The effects of these treatments on the amount of 
Fe"^^ oxidized in the lepidomelane samples are summarized in 
Table 1. Several comparisons can be made with these data, but 
care must be taken to be sure which variable is operative. 
a. Salt additions Three sets of data in Table 1 can 
be compared to illustrate the effects of salt additions on the 
degree of Fe** oxidation obtained. However, only the data ob­
tained with 10 ml of Brg-saturated solution at 90°C, in 20 ml 
ampoules, without shaking, need be used to describe them. 
Fe"*"^ oxidation was initially most rapid in the Brg-
saturated solutions that also contained 1 N NaCl, but most of 
the differences in Fe^^ oxidation due to NaCl additions dis­
appeared within 8 weeks of reaction. In the case of Br2-
saturated HgO, 15'7^ of the Fe^^ was oxidized in 2 days and 
66.0^ in 8 weeks, whereas with Brg-saturated 1 N NaCl, 31*2^ 
of the Fe^^ was oxidized in 2 days and 68.4^ in 8 weeks. Ap­
parently, the presence of NaCl caused more exchange of K 
Table 1. Degree of Fe** oxidation in 10-20 nm lepidomelane samples attained by 


















H5O 10 25 10 No 3.3 5.0 
10 90 10 No 16.4 66.3 
10 90 20 No 15.7 66.0 
10 90 20 Yes 15.6 65.1 
10 90 50 No 16.3 64.7 
25 90 50 No 18.2 72.3 
25 90 50 Yes 18.2 70.0 
1 N NaCl 10 90 20 No 31.2 68.4 
10 90 20 Yes 29.6 70.2 
25 90 50 No 46.7 79.2 
1 N KCl 10 25 20 No 1.6 1.9 
10 90 20 No 3.6 12.9 
10 90 20 Yes 3.1 11.2 
25 90 50 No 3.5 12.8 
Saturated KCl 10 90 20 No 2.3 5.8 
10 90 20 Yes 2.8 6.2 
25 90 50 No 2.5 6.2 
F^e^  ^in untreated lepidomelane was 257 mmo les/100 g. 
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initially and thereby produced more expansion, freer entry of 
Brg into some of the interlayer space and closer contact with 
the Fe**. After 8 weeks of treatment, the levels of K in the 
Br2-saturated NaCl and Brg-saturated H2O solutions must have 
been either alike or too low to have any impact on the reac­
tions of Brg with the mica. Thus, the need to discriminate be­
tween NaCl and H^O solutions for Br2 oxidation of Pe^^ in mica 
will depend upon the degree of oxidation involved. 
The addition of KCl to the Brg-saturated solution reduced 
the amount of Fe^^ oxidized in lepidomelane samples. Even the 
8 week treatments produced only 12,9 and 5*8^ oxidation in the 
Br2-saturated 1 N KCl and saturated KCl solutions, respec­
tively. The KCl additions should have eliminated interlayer K 
release and expansion, and thereby restricted Fe oxidation 
to processes that proceeded from the periphery of the mineral 
particles. As a result, the rate of Fe^^ oxidation was slowed 
down, but it is obvious that K additions did not stop the 
oxidation process. The data indicate that further study is 
needed to clarify the effect of KCl concentration on Brg 
oxidation of Fe^^ in lepidomelane. 
b. Temperature Effects of temperature on Br2 oxida­
tion of Fe^^ in lepidomelane are shown in Table 1 by two com­
parisons of results obtained at 25 and 90°C. Differences due 
to temperature in both Brg-saturated H2O and Br2-saturated 1 N 
KCl are evident in even 2 days, but are very striking by 8 
weeks. Whereas Br2-saturated H2O at 25°C oxidized only 5% of 
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the Pe^ in an 8 week period, the same treatment at 90°C oxi­
dized 66.3^ of the Fe*^. When the oxidizing solution contained 
1 N KCl, 1.90 Fe"*"^ oxidation was obtained by the 8 week treat­
ment at 25°C and 12.9# at 90°C. 
An increase in temperature would increase the diffusion 
rate in mica and thereby the rate of K release, but it would 
also decrease the blocking effect of K in solution and increase 
the level of tolerable K. Therefore, by increasing the tem­
perature of the Br^-saturated H2O solution, K release was en­
hanced, more expansion occurred and much more of the Fe"*"^ was 
oxidized. The increase in temperature, however, also increased 
the amount of Fe^"*^ that was oxidized in Br^-saturated 1 N KCl 
solution. In this case, the addition of KCl should have large­
ly eliminated the temperature effects on K release. Therefore, 
the temperature must have affected other reactions (besides K 
release) that lead to the oxidation of Fe^ in lepidomelane. 
The data show that further study of temperature effects 
on Fe^* oxidation is needed. For most of the other experi­
ments, however, a temperature of 90°C was adapted because this 
temperature resulted in appreciable Fe oxidation in the 
lepidomelane samples, reduced the danger of explosion (below 
boiling point of H^O), and maintained a suitable level of Br2 
in solution (solubility decreases with increasing temperature). 
c. Treatment period The amount of Fe"^"^ oxidized in­
creased in all samples when the contact period with the Br2-
saturated solutions was increased from 2 days to 8 weeks. The 
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differences were most pronounced in Br^-saturated H^O and 
Br^-saturated 1 N NaCl solutions. With 25 ml of Br^-saturated 
HgO, for instance, 18.2# of the Fe"*"^ was oxidized in 2 days, 
whereas, almost four times as much (72.3?') was oxidized in 8 
weeks. Even though the amounts of Pe^^ oxidized in the 
presence of KCl were much lower than in NaCl or HgO solutions 
more Fe"*"*" was still oxidized by the Br2-saturated solution of 
KCl when the treatment period was increased from 2 days to 8 
weeks. Since these large differences in the amount of Fe^  ^
oxidized in 2 days and 8 weeks exist, the question arises as 
to how the Fe"*^ oxidation changes with time. 
d. Shaking and ampoule size Shaking and ampoule size 
(10, 20, or 50 ml) had little effect on the amount of Fe"^  
oxidized by either the 2 day or 8 week treatments with any of 
the Brg-saturated solutions. The data for Fe^^ oxidation by 
10 ml Brg-saturated HgO at 90°C illustrated this point par­
ticularly well in that three ampoule sizes and two tests of 
shaking produced minor variations. Since there was no advan­
tage in the use of larger ampoule sizes or in shaking the 
samples, it was decided as a matter of convenience, henceforth 
to use 10 ml ampoules and store the samples without shaking in 
temperature controlled environments. 
e. Volume of bromine solution The volume of the Br2-
saturated solutions had to be considered because it could af­
fect the amount of K released to the solution and, subsequently, 
the amount of Pe*^ exposed to Brg attack. By increasing the 
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volume of Brg-saturated H2O from 10 to 25 ml, Fe oxidation 
in lepidomelane samples was increased 12^  in both reaction 
periods. If it is assumed from the Br2-saturated H2O experi­
ments that the ampoule size is unimportant, it is evident that 
increasing the volume of Brg-saturated 1 N NaCl from 10 to 25 
ml had an even greater impact on Fe"*"^  oxidation in that the 
amount of Fe^ * oxidized was increased from 31.2 to 46.?^  in 
2 days, and from 68.4 to 79*2^  in an 8 week period. Thus, with 
the Brg-saturated HgO and NaCl solutions, the anticipated in­
crease in K release with increase in volume and greater expo­
sure of Fe^  ^to oxidation appears to have occurred. In the 
case of Brg-saturated 1 N KCl or saturated KCl solutions, how­
ever, much less if any effect would be expected from a change 
in solution volume because there was already a high concentra­
tion of KCl in the solutions. As predicted, 25 ml volumes of 
Brg-saturated 1 N KCl and saturated KCl solutions produced 
little change in the amount of Fe^  oxidized over that obtained 
with the 10 ml volumes. 
The larger volumes of Br2-saturated H2O and 1 N NaCl 
solution were found to increase Fe oxidation, probably 
through a greater release of K. To keep K release to a minimum, 
but still obtain substantial levels of Fe"^ "*" oxidation, 10 ml of 
the Brg-saturated HgO or NaCl would appear to be adequate. 
When the amount of K release is unimportant, larger volumes of 
Br2-saturated solution should be used to obtain more rapid 
Fe^  ^oxidation. 
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2. Bromine treatment with limited potassium release 
Gilkes et al. (1972a, 1972b) have claimed that the Fe^  ^
in biotite can be oxidized with Brg-saturated H2O without prior 
mineral expansion. The data in Table 1 have verified the fact 
that Fe** in lepidomelane can be oxidized by Brg-saturated HgO 
or 1 N NaCl solutions, but they also show that the presence of 
KCl in the Brg-saturated solution causes an effective reduc­
tion in Fe"*"^  oxidation. These results suggest that interlayer 
K release and expansion is at least one of the factors that 
govern Fe** oxidation and there may be some doubts that Fe"*"*" 
oxidation can occur without prior removal of the interlayer K. 
To further delineate the potential of using Br^ -saturated 
solutions to oxidize the Fe*^  in lepidomelane and to investi­
gate the possibility of oxidizing this Fe^  ^without prior K 
release, several additional experiments were initiated. These 
were designed to determine the rate and degree of Fe** oxida­
tion that could be obtained in lepidomelane samples when K 
release is limited by an accumulation of released K in small 
volumes of the oxidizing solution or by specific levels of 
added KCl. Also, to establish if K release does occur during 
Br2 treatment, the K content of the Brg-treated lepidomelane 
samples was determined. 
a. Rate and degree of iron oxidation The results of 
preliminary experiments (Table 1) identified several factors 
++ that can affect Fe oxidation but only two reaction periods 
were included in the study. Thus, further investigations were 
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carried out to delineate more completely the influence of these 
factors and especially their interactions with the oxidation 
-H-period. In order to characterize the rate and degree of Fe 
oxidation that can be achieved, several 0.5 g samples of 
lepidomelane were treated with 10 ml of Brg-saturated solution 
in sealed 10 ml glass ampoules, for different periods. The 
Brg-saturated solutions employed earlier (HgO, 1 N NaCl, 1 N 
KCl and saturated KCl) were used again, but the effects of 
other KCl concentrations, an additional temperature and two 
other particle size-fractions of lepidomelane were also 
evaluated. 
(1) Bromine solutions To evaluate the effects of 
the different Brg-saturated solutions on the rate and degree of 
Fe oxidation, several 10-20 p.m lepidomelane samples were 
placed in each of the solutions for different periods at 90°C. 
The curves in Fig. 19 describe the oxidation achieved by each 
treatment. 
Fe oxidation occurred most rapidly in the Brg-saturated 
1 N NaCl solutions. The presence of NaCl enhanced the initial 
rate of Fe^  oxidation to such an extent that after 4 days of 
reaction of the Fe^  was oxidized in the Brg-saturated 1 N 
NaCl solution compared to 24^  in the Brg-saturated HgO solu­
tion. The lepidomelane samples can be expected to release K 
to both the NaCl and H2O solutions, but with Na present to 
compete with the K, more K release can occur in the NaCl solu­
tion and, therefore, more interlayer expansion and exposure of 
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Fe. After 3 weeks of reaction (50^  hours), however, the 
amounts of Fe^  oxidized by HgO and NaCl solutions were the 
same (approximately 60fo), By this time, the concentration of 
released K had reached levels in both solutions that had about 
the same inhibiting effect on further K release and thereby a 
similar restriction on Fe^  oxidation. To obtain large amounts 
of Fe oxidation in these lepidomelane samples, long periods 
were needed with either NaCl or HgO solutions, in that well 
over a year (60 weeks or approximately 10,000 hours) was re­
quired to obtain $0^  Fe^  oxidation. Gilkes et al. (1972a) 
obtained 839^  Fe^  oxidation in <10 ^ m biotite samples treated 
with Brg-saturated HgO at 90°C for 9 weeks, whereas 68% Fe"*^  
oxidation occurred in the 10-20 p.m lepidomelane samples that 
were treated for 9 weeks in this study. Apparently, any 
oxidation-time relationship that is developed will be very 
dependent on the mica involved. 
In the small volume (10 ml) of Brg-saturated solution that 
was used, very little K release by either hydrolysis in the HgO 
solutions or Na exchange in the NaCl solution had to occur to 
provide the levels of K in solution that should have blocked 
further K release. Rausell-Colom et al. (1965) reported that 
with biotite in 1 N NaCl this level of K may be only 1.48 meq 
K/liter and even less if the biotite were equilibrated in HgO. 
This level of dissolved K would represent at most a release of 
<2% of the total K in the 0.5 g samples of lepidomelane to the 
10 ml solutions; certainly, much less than that needed to 
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expose all the Fe"*^  that was oxidized. Moreover, additions of 
enough KCl to make the Brg-saturated solution 1 N with respect 
to K should by comparison prevent K release completely and 
thereby block all Fe"*^  oxidation. Fig. 19 shows that Fe^  
oxidation was much slower when the Br2-saturated solution 
contained 1 N KCl, but even with this solution 4?^  Fe^  oxida­
tion occurred in 60 weeks. That is, despite the presence of 
KCl substantial Fe"*"*" oxidation by Brg occurred when the treat­
ment period was long enough. In experiments with Brg-saturated 
solutions of saturated KCl, Fe"^ "*" oxidation still occurred but 
at an even slower rate. Only I25S of the Fe^  was oxidized in 
60 weeks in the solutions containing saturated KCl compared to 
7^% in the Brg-saturated 1 N KCl. We can see that high con­
centrations of KCl in the Br2 solution effectively reduced the 
rate of Fe** oxidation at 90°C but did not stop the process. 
It is interesting that substantial differences in Fe"^  oxida­
tion were obtained with the two solutions that contained KCl 
when either one should have blocked K release. 
(2) Potassium concentrations Since Fe** oxida­
tion was found to be different in lepidomelane samples that 
were treated with Brg solutions of 1 N KCl and saturated KCl, 
additional mica samples were treated with Br2 solutions con­
taining other concentrations of KCl, to determine the relative 
effects of a wide range of K levels on Fe"*"*" oxidation. The 
lepidomelane samples were treated at 90°C for 8 weeks. As 
shown in Fig. 20, solutions without additions of KCl (Brg-
80 
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saturated HgO ) oxidized 6?^  of the Fe"^ .^ The level of oxida­
tion was reduced to 0^^  by 0.1 N KCl, 28jS by 0.2 N KCl, and 
I69S by 0.4 N KCl in the Br^ -saturated solution. Fe"*"^  oxida­
tion was reduced even further, to 6%, when the KCl concentra­
tion was increased to 4 N but higher KCl levels had very little 
additional effect. 
Most of the decrease in Fe^  ^oxidation shown in Fig. 20 
was achieved by increasing the KCl concentration to only 0.4 N. 
This dramatic decrease in Fe oxidation would suggest that 
interlayer exposure must be at least one of the major factors 
governing the susceptibility of octahedral Fe to oxidation by 
Brg. A further, but much more gradual, reduction in Fe^  ^
oxidation occurred when the KCl concentration was increased 
from 0.4 to 4 N. This change in Fe^  ^oxidation was probably 
due to a blocking effect of K on the initiation of K release 
and mica expansion because previous reports (Scott and Smith, 
1966) show that even minor increases in the initial increments 
of K release similarly require major changes in high levels 
of dissolved K. Even though these KCl additions reduced the 
possibility of oxidation through mica expansion, Fig. 19 and 
20 show the highest K levels did not stop Fe^  oxidation. In­
creasing the KCl concentration over 4 N produced no changes in 
Fe^  ^oxidation and presumably in the blocking of K release. 
Thus, the oxidation of Fe^  that continues to occur in even 
saturated KCl solutions must be due to an action of the Br2 at 
the periphery of the mica particles. Fe** exposure by a 
14] 
dissolution of the outer surfaces of the mica could account for 
part of the oxidation. An electron transfer process may also 
occur but it seems more likely that the slow, ongoing Fe"*"* 
oxidation in saturated KCl solution is due to an alteration of 
the mica lateral edges by the Brg. 
(3) Temperatures The preliminary experiments 
showed considerable Fe^  ^oxidation can be obtained at 90°C with 
Brg-saturated HgO and 1 N NaCl solutions, but not with Br2-
saturated KCl solutions. However, the increase in Fe oxida­
tion attained by increasing the temperature from 25 to 90°C 
(Table 1) suggested additional Fe^  oxidation might be obtained 
with Brg-saturated 1 N KCl if even higher temperatures were 
used. Therefore, to determine more about the effects of tem­
perature on Fe^ * oxidation, several 10-20 {im lepidomelane 
samples were treated with Brg-saturated 1 N KCl at 25, 90, and 
160°C for different periods. In addition to these treatments, 
several lepidomelane samples were treated with Br^ -saturated 
HgO at 25°C to serve as a control. 
The results in Fig. 21 show that very little Fe"*^  was 
oxidized at 25°C. Only 7^  of the Fe** was oxidized by the 
Brg-saturated HgO and 3^  by the Brg-saturated 1 N KCl solution 
in periods of 40 and 80 weeks, respectively. The oxidation of 
Fe''^  by Brg-saturated H^ O at 25°C was much slower than it was 
at 90°C (Fig. 19). Much of the effect of temperature on the 
oxidation rate in H2O must have been due to a greater blocking 
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in expanded minerals (vermiculite) has been shown to be easily 
oxidized by Br2 solutions at room temperature (Farmer et al., 
1968, 1971; Farmer and Wilson, 1970). And, results in a later 
section of this report show Brg oxidation of Fe^  in 10-20 (im 
lepidomelane can be quite rapid at 25°C if ample K release is 
permitted. Even at this lower temperature, however, additions 
of K produced a further decrease in Fe^  ^oxidation by Brg 
(1 N KCl versus HgO, Fig. 21). 
When the temperature of the Brg-saturated 1 N KCl solution 
was increased from 25 to 90®C, a major increase in oxidation 
rate occurred and 27^  instead of Jfo of the Fe^  ^in the lepido­
melane was oxidized in a 60 week period. When the temperature 
of the Br^ -saturated 1 N KCl solution was increased to 160®C, 
the rate of Fe^  ^oxidation was increased even more and over 
50JS of the Fe^  ^was oxidized in only 18 weeks compared to 239S 
at 90®C. The rate of Fe^  oxidation at 160°C, however, de­
creased rapidly after 18 weeks of reaction and during the next 
30 weeks only another 4^  of the Fe^ "*" was oxidized. It would 
appear that there may be a maximum level of Fe^  ^oxidation 
(approximately 55?^ ) that can occur in the Brg-saturated 1 N 
KCl solution at 160®C. On the other hand, the curves for 
Br2-saturated HgO and 1 N NaCl in Fig. 19 exhibit a similar 
reduction in slope at approximately 60jS Fe"*"^  oxidation but 
continue to rise. The curve for Brg-saturated 1 N KCl at 160°C 
may do the same if the treatment period were increased enough. 
Even though only an additional 8^  Fe*^  oxidation was 
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achieved in 60 weeks by increasing the temperature of the 
Brg-saturated IN KCl solution from 90 to 160°C, the higher 
temperature did provide an advantage in that intennediate 
levels of Fe^  ^oxidation (20 to 50?^ ) were obtained with Br2-
saturated 1 N KCl solutions in a much shorter time. This 
benefit is not enough, however, to offset the increased danger 
from explosions at higher temperatures. Indeed, some ampoules 
did explode during the l60°C experiments and caused enough 
havoc that a further use of temperatures over 90°C cannot be 
recommended. 
(4) Particle sizes During the oxidation of Fe^  
in biotite flakes (100 mesh) with Brg-saturated HgO, Gilkes 
et al. (1972b) observed an oxidation front that moved in from 
the edge of the crystal in a manner similar to the K-depletion 
front described by Rausell-Colom et al. (I965). Therefore, 
Fe^  oxidation in mica, should ^ ccur more rapidly in finer 
particles and be affected by particle size in a manner that 
is analogous to that observed with K exchange in different 
particle sizes (Scott, I968). To delineate the effects of 
particle size on Fe"*"^  oxidation, several 0.5 g samples of 
2-5, 10-20, and 50-60 p,m lepidomelane were treated with 10 ml 
Brg-saturated 1 N KCl at 90°C for different periods. Brg-
saturated 1 N KCl solutions were selected to mask differences 
in K release that would arise with particles of different size. 
There was little difference in the rate or degree of Fe** 
oxidation in the 5O-6O and 10-20 |am lepidomelane samples 
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(Fig. 22). The initial rate of Pe"*"^  oxidation in the 2-5 pt® 
size-fraction was, however, higher than in either of the two 
coarser size-fractions. This higher rate resulted in more of 
the Fe^  being oxidized in some of the samples of the finest 
fraction; however, the greatest difference in amount of Fe^ "*" 
oxidized was only and this gradually disappeared as the 
reaction period increased. 
It would appear that particle size does not have much ef­
fect on the rate and degree of Fe^  oxidation by Brg. Some ef­
fect may be experienced in very fine fractions of mica where the 
proportion of disturbed or frayed edges due to grinding may be 
much greater. However, once the Fe^  present at these edges 
is oxidized the rate and degree of Fe^ "*" oxidation does not 
appear to be that much different. It is recognized, however, 
that only three particle size-fractions were used in this 
study and that some effects of particle size on Fe^  oxidation 
can still exist. 
b. Loss of interlayer potassium The pH of Brg-
saturated solutions may become quite acid. Farmer et al. 
(1971) reported a pH of 4 following Brg oxidation of veimicu-
lite, while Ross (1975) reported an initial pH of 2.2 and a 
final pH of 1.8 following reaction with chlorite. The acid 
nature of Br2 solutions may cause some dissolution of the 
mineral. Gilkes et al. (1972a, 1972b) found that Brg treat­
ments of biotite resulted in losses of up to 0^$^  of the octa­
hedral and interlayer cations. However, they found very little 
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Fig. 22. Fe"*^  oxidation in different lepidomelane size-fractions that were 
treated with Brg-saturated 1 N KCl at 90°C for different periods 
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evidence to suggest that dissolution had occurred. They sug­
gested that these octahedral and interlayer cations were 
ejected from the mineral in order to balance the excess posi­
tive charge created by the oxidation of Fe^ .^ Deprotonation, 
however, could balance this charge (Veith and Jackson, 1974) 
without an ejection of ions and may be the primary mechanism 
in neutral oxidizing environments (Ross and Rich, 1974). 
A small amount of K release can be expected to occur in 
the lepidomelane samples that were treated with Brg-saturated 
HgO or Brg-saturated 1 N NaCl through hydrolysis or exchange 
with Na. In other experiments, KCl was added to prevent K re­
lease and maintain a collapsed structure. Under these con­
ditions a loss of K would probably be due to a need to preserve 
electrical neutrality or a dissolution of the mineral. There­
fore, to determine if K loss does occur as a result of the dif­
ferent Br2 treatments, total K determinations were carried 
out on all of the Brg-treated lepidomelane samples. 
(1) Rate of potassium loss Fig. 23 describes the 
decrease in total K that occurred when 0.5 g samples of 10-20 
|im lepidomelane were treated with 10 ml of the different Brg-
saturated solutions at 90 or 160®C for different periods. It 
took approximately 3 hours of treatment before any K loss was 
observed with the Br2-saturated HgO or 1 N NaCl solutions. K 
loss increased gradually with time and after 60 weeks of reac­
tion 13 and 16?^  of the K was lost from mica samples that were 
treated with Br2-saturated HgO and Br2-saturated 1 N NaCl, 
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Fig. 23. Changes in total K in 10-20 pm lepidomelane samples that were treated 
with different Br^ -saturated solutions at 90 or léO^ C for different 
periods 
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respectively. Due to the blocking effects of released K in 
solution only a small part of this K loss (<2#) can be at­
tributed to hydrolysis or Na exchange. The remaining loss of 
K may be due to an ejection of interlayer K for electrical 
neutrality (decrease in layer charge) or a dissolution of part 
of the mineral. 
In the presence of 1 N KCl at 90®C the rate of K loss was 
very low. In fact, K loss didn't become evident until well 
after 100 hours of reaction in the Brg solution. Nevertheless, 
of the K was still lost after 60 weeks of reaction. In 
this case, most of the K loss had to be due to a charge balanc­
ing mechanism or mineral dissolution because K loss by hydroly­
sis or K exchange should have been blocked by the large con­
centrations of K in solution. 
When the temperature of the Brg-saturated 1 N KCl solu­
tion was increased from 90 to 160°C, the rate of K loss was 
greatly increased despite the presence of large amounts of K 
in solution. In fact, after 9 weeks of reaction the amount of 
K lost from samples treated with Brg-saturated 1 N KCl at 160°C 
exceeded the amount of K lost from samples treated with Brg-
saturated HgO or 1 N NaCl. After 30 weeks of reaction in Br2-
saturated 1 N KCl at l60°C just over of the K was lost. No 
additional K was lost when the period of Brg treatment was in­
creased from 30 to 50 weeks at 160°C; a fact that suggests a 
maximum level of K loss may have been reached. Fe"*"*" oxidation 
(Fig. 21) also appeared to be approaching a maximum after 30 
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weeks of reaction in Br2-saturated 1 N KCl at 160^ C. It would 
appear that K loss and i'e^  oxidation may be related. Indeed, 
a relationship would be anticipated if K loss is the result 
of a charge balancing mechanism. 
Even though the mica samples lost K to all the Brg solu­
tions, the amount of K lost was not very large (maximum of 
4-0 meq/100 g by the samples treated with Brg-saturated 1 N KCl 
at 160°C) and the rate was generally quite slow especially in 
Brg-saturated 1 N KCl at 90°C. The fact that the rate and ex­
tent of K loss was greatest in Br2-saturated 1 N KCl at 160°C 
was somewhat unexpected. Obviously, the solution temperature 
had a major impact on the loss of K just as it did on Fe"^ "*" 
oxidation—presumably because the same reactions were involved. 
(2) Relationship between potassium loss and iron 
oxidation Fig. 24 and 25 relate the K loss and Fe oxida­
tion that occurred in 10-20 jxm lepidomelane when 0.5 g samples 
were treated with 10 ml of different Brg-saturated solutions 
at 90 or l60°C for different periods. A linear relationship 
between the percentage values for the K loss and Fe^  oxida­
tion was observed with each set of Brg-treated lepidomelane 
samples. As the amount of Fe^  ^oxidation increased, the amount 
of K lost from the lepidomelane samples also increased. 
During the initial periods of the Br2 treatments with HgO 
and 1 N NaCl solutions, the oxidation of Fe^ "*" did not increase 
linearly with the log of time (Fig. 19) whereas the loss of K 
did (Fig. 23). Consequently, the simple linear relationship 
Fig. 24. Relationship between the decrease in total K and Fe oxidation that 
occurred in 10-20 p,m lepidomelane samples that were treated with Br2-
saturated HgO or 1 N NaCl solution at 90°C for different periods 
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depicted by most of the data in Fig. 24 did not apply very well 
initially. This deviation is readily explained by the fact 
that the mica samples in HgO or 1 N NaCl solutions lost K by 
hydrolysis or exchange as well as by processes involving Fe 
oxidation. When the Br^  solution contained KCl (Fig. 25)» the 
linear relationship between the decrease in total K and the 
oxidized Fe"^ "*" was even better. The added K must have in­
hibited K losses by hydrolysis and exchange and should have 
restricted the K loss to that required by Fe oxidation. In 
that event, uncertainties arise as to why specific levels of 
Fe"^  oxidation are associated with quite different degrees of 
K loss in the samples treated with Brg-saturated 1 N KCl at 
90 and 160°C. 
The relationships between K loss and Fe^  ^oxidation that 
are shown in Fig. 24 and 25 would suggest that the K loss was 
due to a need for charge balance rather than a result of min­
eral dissolution» However, the maximum values of 13 and 16^  
for the K lost in 60 weeks by the mica samples treated with 
Brg-saturated HgO and Br2-saturated 1 N NaCl, respectively, 
represent only 25 and 31 meq I^ lOO g, whereas, 232 mmoles 
Fe^ /100 g (90# of the total Fe"*^ )^ was oxidized. Therefore, 
the K loss accounted for a small portion of the charge balance 
required. A similar situation exists for samples treated with 
TRr^ -saturated 1 N KCl at 90°C, in that, as much as 121 mmoles 
Fe^ /^100 g (47#) was oxidized while only 8 meq I^ lOO g (4#) 
was lost. At 160°C, where 141 mmoles Fe'*'^ /100 g (55#) was 
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oxidized in lepidomelane samples while 39 meq K/lOO g (20^ ) 
was lost, more of the charge balance can be accounted for by 
the loss of K, but even in this case, the majority of the 
charge balance required must have been achieved by other reac­
tions. In each of the Br^ -treated mica samples, much of the 
charge unbalance due to Fe oxidation must have been satis­
fied by deprotonation (Veith and Jackson, 1974; Ross and Rich, 
1974), ejection of octahedral Fe as reported by Farmer et al. 
(1968, 1971) and ejection of other octahedral cations (Veith 
and Jackson, 1974; Gilkes et al., 1972b). The ampoules used 
for the oxidation of lepidomelane in this study were stained 
a rusty color, suggesting that Fe had been ejected from the 
samples during Brg treatment. 
Since the loss of K in terms of meg/100 g was not equiva­
lent to the mmoles Fe^ /^100 g that were oxidized, the ques­
tion arises as to why the percentage values for K loss and Fe^ "*^  
oxidation are so closely related (Fig. 24 and 25). Presumably, 
the Brg treatment altered an increasing proportion of the mica 
sample, but in doing so it did not have an equal impact on the 
K content and Fe^ . For instance, mica samples that were 
treated with Brg-saturated 1 N KCl solutions at 90°C until 40^  
of the Fe^  was oxidized lost 3 not 40^  of their K. Also, the 
relative impact of the Br2 treatments on the total K and Fe^  
in the mica varied with the composition and temperature of the 
solution. Considering again the treated mica samples with 
40jS Fe^  ^oxidation, it is evident that the treatments in 
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HgO at 90°C, 1 N NaCl at 90°C, 1 N KCl at 90°C, and 1 N KCl 
at 160°C reduced the total K by 6, 6, 3. and 12#, respective­
ly. In other words, the K lose and Fe^  ^oxidation were 
linearly related for each Brg treatment but their relative 
changes varied with the solution and temperature involved. 
Such results would suggest that the K loss and Fe^  ^oxidation 
are linked by common processes but the relative impact of the 
processes on these mica alterations can be quite variable. 
3. Bromine treatment with potassium release 
The previous section of this report described the changes 
in lepidomelane that occurred when 0.5 g samples of the mica 
were treated with small volumes of Brg-saturated solutions. In 
these experiments, K release by the mica was inhibited by KCl 
additions or an accumulation of released K. When micas weather 
naturally, however, they are exposed to conditions that promote 
K release, an expansion of the mineral and, thereby, an ex­
posure of structural Fe^  ^in the mica. Thus, other experiments 
were carried out to determine the effects of Brg treatment on 
lepidomelane samples when substantial K release is permitted 
to occur in the Brg solution. In one experiment a single large 
volume of Brg-saturated 1 N NaCl was used to promote K release 
in lepidomelane samples. In the other experiment, lepidome­
lane samples were treated with different volumes of Brg-
saturated 1 N NaCl to effect various levels of K release. 
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a. Fixed volume - different periods Several 0.5 g 
lepidomelane samples were treated with 1000 ml of Brg-saturated 
1 N NaCl at 25°C for different periods. The treated samples 
were then analyzed for total K and Fe^  ^to determine the amount 
of K release and Fe^  oxidation that occurred during each 
treatment period. Fig. 26 shows that K release occurred 
rapidly and reached a maximum level of in approximately 3 
hours. Fe"^  ^oxidation, on the other hand, proceeded at a 
slower pace at first, but It continued to increase after K re­
lease had stopped. Approximately 75% of the Fe"*"*" was oxidized 
in 4 weeks even though only 40^  of the K was released. 
Previous results (Fig. 21) showed that very little Fe"*"*" 
oxidation occurred at 25°C in contracted lepidomelane samples, 
whereas, the results presented in Fig. 26 show that Brg readily 
oxidizes the Fe"^  in mica at 25°C if ample K release and in-
terlayer expansion is allowed to occur. Apparently, Fe"*^  ex­
posure appears to "be one of the primary factors governing the 
susceptibility of Fe"*^  to oxidation by Brg at 25°C. The re­
sults indicate, however, that more of the Fe^  ^was being oxi­
dized (for contact periods greater than 1 hour) than would be 
expected from the K release data. In fact, almost twice as 
much of the Fe^ "*" was oxidized in 4 weeks compared to the amount 
of K released (e.g. , 759^  Fe^  ^oxidation versus 40^  K release). 
Several lepidomelane samples used in this experiment were 
treated for periods greater than 4 weeks. Data for these 
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Fig. 26. Fe oxidation and K release achieved by placing 0.5 g samples of 10-20 
urn lepidomelane in 1000 ml Brp-saturated 1 N NaCl at 250C for different 
periods 
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found that much of these samples were dissolved away and the 
remaining material had become very bleached. Therefore, in 
other experiments where large volumes of Brg-saturated 1 N 
NaCl were to be used it was recommended that the reaction 
periods should not exceed 4 weeks. Indeed, a two week reac-
tion period was selected, since most of the exposed Fe was 
already oxidized and maximum K release had occurred by this 
time. 
b. Different volumes - fixed period Several 0.5 g 
samples of lepidomelane were treated with different volumes of 
Brg-saturated 1 N NaCl for 2 weeks at 25°C. The volumes of 
Br2-saturated 1 N NaCl ranged from 10 to 9000 ml. The treated 
samples were than analyzed for total K and Fe^ "*" to determine 
the amount of K release and Fe^  ^oxidation that occurred in 
each solution. The relationship between the Fe^  oxidation 
and K release that occurred in these samples is shown in Fig. 
27. For samples where less than 25$^  K release occurred the 
ratio of Fe^  oxidation to K release was 2:1. In other words, 
25^  K release resulted in 50?5 Fe^  ^oxidation. As the amount 
of K release increased, however, the ratio of Fe oxidation 
to K release decreased. In solutions where 505^  of the K was 
released 79^  of the Fe^  ^was oxidized, and with 755^  K release 
9^ 95 of the Fe^  was oxidized. The amount of K release that 
occurred in each Brg solution after 2 weeks of reaction is 
probably the maximum K release that would be expected to occur 
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Fig. 27. Relationship between the Fe"^  oxidation and K re­
lease that occurred in 0.5 g samples of 10-20 pm 
lepidomelane that were placed in different volumes 
of Brg-saturated 1 N NaCl at 25°c for 2 weeks 
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hand, the amount of Fe oxidized represents only the Fe that 
was oxidized in 2 weeks and not the maximum Fe"*^  that could be 
oxidized at 25°C. 
In the previous experiment it was pointed out that only 
the exposed Fe^  ^should be oxidized at 25°C. Fig. 27, however, 
shows that the ratio of Fe^  ^oxidation to K release was as 
high as 2:1. This 2:1 ratio can be explained if K release 
occurs from alternate mica layers. K release in this manner 
will expose the Fe"^  ^in the two silicate layers on either side 
of a single expanded interlayer. Therefore, only half as much 
K release need occur to account for the large amounts of 
exposed Fe. A similar mode of K release was proposed by Farmer 
and Wilson (1970). They found that biotite could be converted 
to hydrobiotite in solutions where cation exchange occurred in 
conjunction with active oxidation. 
The 2:1 relationship between Fe"*"*" oxidation and K release 
only existed until 25^  of the K was released, and then the 
ratio started to decrease as K release increased. This 
decrease in the ratio is probably due to the fact that many 
reaction products can be expected to occur when active cation 
exchange takes place in the lepidomelane samples. Vermiculite 
and other mixed layer phases probably result (Gilkes et al., 
1973a; Gilkes, 1973). 
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C. Exchangeability of Potassium in Bromine 
Treated Lepidomelane 
Prior sections of this report have described the major 
reductions in rate and degree of K release that occurred when 
Fe"*"*" in lepidomelane was thermally oxidized. It has been also 
shown that substantial amounts of Fe^ "*" in lepidomelane can be 
oxidized by wet chemical treatments with Br2 solutions. Pre­
sumably, this oxidation of Fe^  ^by chemical methods can like­
wise inhibit K release (Barshad and Kishk, I968; Gilkes et al., 
1972a, 1973a; Gilkes, 1973), but many aspects about the effects 
of chemically oxidized Fe^  and especially the relative impact 
of chemically and thermally oxidized Fe on K release are 
still ill defined. Much of this uncertainty stems from various 
mica alterations that are required for or are a result of the 
Fe"^  oxidation by Brg. To begin with, the residual K in the 
mica samples can be quite different because the heated mica 
loses no K while the chemically treated mica loses K by ex­
change, ejection, and mica dissolution. Then, differences 
among the chemically oxidized mica will develop from the pro­
cedures employed. If the Fe^  ^is oxidized by procedures that 
inhibit K release (e.g., 0.5 g lepidomelane/10 ml Brg-
saturated solutions) the structural changes in the mica should 
be minimal. On the other hand, mica samples that are treated 
with large volumes of Br^ -saturated NaCl to permit K release 
may be largely converted to expanded or mixed layer minerals. 
How these mica alterations and associated Fe oxidation 
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affect the exchangeability of residual K in the mineral was, 
therefore, investigated. 
Two approaches were used in this study. In one, several 
0.5 g samples of lepidomelane were treated with a particular 
Br2-saturated solution for specified periods, washed free of 
Br, and salts, air-dried, and combined to form one larger 
sample. This procedure was carried out with mica treated with 
10 ml Brg-saturated HgO at 90®C, 10 ml Br2-saturated 1 N KCl 
at 90 and 160°C and different volumes of Brg-saturated 1 N 
NaCl at 25°C, The treatment periods and volumes of Br2-
saturated 1 N NaCl were selected on the basis of previous data 
in Fig. 19, 21, 26, and 2? to obtain different levels of Fe** 
oxidation. The total residual K and Fe^ "*" content of the 
larger samples were determined and 0.1 g subsamples were placed 
in NaCl-NaTPB solutions for enough periods to describe the re­
lease of all the K. The results of these experiments will be 
discussed in terns of the effects of different Br^  treatments. 
In the second approach, the various 0.5 g lepidomelane 
samples that were treated with Br2-saturated solutions to ob­
tain the Fe^  ^oxidation data in Fig. 19 and 21 were analyzed 
for total K and characterized in regard to their K exchange­
ability by one contact period with NaCl-NaTPB solutions. For 
the K extractions, 0.1 g subsamples were placed in NaCl-NaTPB 
for 4 days. The results of these experiments will be dis­
cussed in terms of the effects of Fe^  ^oxidation on the amounts 
of K extracted in 4 days. 
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Since each of the Brg-treated lepidomelane samples con­
tained different amounts of i-esidual K (due to K loss previ­
ously described for Br2-treated samples), all the K release 
data are expressed as a percentage of these totals. 
1. Effect of bromine treatments 
a. Water solutions Three samples were prepared by 
treating lepidomelane with Brg-saturated H2O at 90°C for 90 
hours, ^ ?0 hours, and 30 weeks. The Fe^ "*" oxidation values 
were 27.8, 62.6, and 80.7# while the corresponding total K 
contents were I83, 186, and 175 meq/100 g. Fig. 28 describes 
the K release that was observed with these Brg-treated 
lepidomelane samples and the original lepidomelane. 
It is obvious from Fig. 28 that the Brg-HgO treatment for 
Fe^  oxidation caused some inhibition of K release. The sample 
with 27.8# Fe"*"*" oxidation did not exhibit much change but the 
samples with 62.8 or 80.7# Fe^  oxidation released their K at 
a slower rate. These differences can be emphasized by noting 
that a 10-hour extraction period removed 77» 68, 38, and 34# 
of the K in the original and progressively oxidized samples of 
lepidomelane. Still, these changes in K release are smaller 
than might be expected from an oxidation of 80.7# of the Fe^  
that is supposed to have a major influence on K exchangeability. 
There was, also, no evidence of a reduction in maximum degree 
of K exchange in any of the samples treated with Brg-saturated 
HgO. 
Fig. 28. K extracted from Brg-treated, 10-20 (im lepidomelane samples (portions 
of a larger sample with Fe"*"^  oxidized to different levels by treating 
0.5 g mica with 10 ml Brp-saturated HpO at 90®C for different periods) 
that were placed in a Mac1-NaTPB solution for different periods 
T 
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Gilkes (1973) and Gilkes et al. (1972a, 1973a) oxidized 
Fe^  ^in biotite with Brg-saturated HgO at 90°C and found the 
rate of K release was markedly reduced as the amount of Fe^  ^
oxidation was increased. Fe"*"*" oxidation in their biotite ap­
pears to have had much more effect on K release than it did 
in the lepidomelane used in this study. Or, it may be just 
as possible that this difference in response to similar levels 
of Fe^  oxidation and the lack of K release response to an in­
crease in Fe^  oxidation (62.6 versus 80.7%) in Fig. 28 means 
other alterations of the mica by Brg can overshadow the ef­
fects of Fe^  ^oxidation. 
b. Potassium chloride solutions Three samples were 
prepared by treating lepidomelane with Brg-saturated 1 N KCl 
for 30 weeks at 90°C and for 3 and 36 weeks at 160°C. The 
amount of Fe^ "*" oxidized by each treatment was 32.3, 25.71 and 
54.7# while the total K values of these oxidized samples were 
190, 186, and 156 meq/100 g, respectively. 
These Brg treatments caused some change in the K release 
behavior of the mica samples (Fig. 29). The 30 week treatment 
in Brg-saturated 1 N KCl at 90°C oxidized 33»3^  of the Fe^  
and yielded a K release curve much like the curve in Fig. 28 
for the Br2-saturated H2O treated sample with 27.8^  Fe'^  
oxidation. In other words, the presence of added KCl during 
the oxidation at 90°C did not alter the effect of a particular 
level of Fe^  ^oxidation on K release. When the temperature of 
the Br2-saturated 1 N KCl treatment was increased to 160°C, 
Fig. 29. K extracted from Brg-treated, 10-20 iim lepidoraelane samples (portions of 
a larger sample with Fe++ oxidized to different levels by treating 0.5 g 
mica with 10 ml Br^ -saturated 1 N KCl at 90 or I60OC for different 
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++ however, the treated mica with even less Fe oxidation 
(25.7^ ) exhibited a much slower initial release of K. This 
difference is probably due to reactions other than Fe oxida­
tion occurring at the higher temperature. Longer treatments 
at l60°C produced the greatest retardation in K release. In 
fact, the 36 week, 160°C treatment with Br2-saturated 1 N KCl 
caused more change in the K release behavior than the 30 week, 
90°C treatment with Brg-saturated HgO even though less Fe^  ^
was oxidized (5^ .7 versus 80.70 oxidation). This observation 
supports the idea that side reactions are enhanced at l60°C 
and are influencing the subsequent K release behavior of the 
Brg-treated mica. 
c. Sodium chloride - different volumes Three samples 
were prepared by treating lepidomelane with 150, 700, and 2500 
ml of Brg-saturated 1 N NaCl for 2 weeks at 25°C. These treat­
ments oxidized 27.2, 64.7, and 93.6# of the Fe"*"*" and reduced 
their total K contents to 177, 137, and 51-7 meq/100 g. As 
shown in Fig. 30, these treatments caused some delay in the 
initial release of K but otherwise had little effect on the 
exchangeability of K. The Fe^  ^in the three samples was 
oxidized to quite different levels but even the maximum change 
of 27.2 to 93"6# oxidation produced no changes in the K ex­
changeability in the treated micas. Thus, a single curve was 
drawn through the average values for the K released by the 
three samples at each contact period. Based on this curve, 
the initial delay in K release resulted in extraction of 20fo 
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Pig. 30. K extracted from Br2-treated, 10-20 |im lepidomelane samples (portions 
of a larger sample with Fe+* oxidized to different levels by treating 
0.5 g mica with different volumes of Brg-saturated 1 N NaCl at 25°C for 
2 weeks) that were placed in NaCl-NaTPB solution for different periods 
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of the K in 1 hour in the oxidized lepidomelane versus 30% in 
the original samples, but this difference disappeared in about 
10 hours. 
When the mica samples were treated with large volumes of 
Brg-saturated 1 N NaCl, considerable K exchange by Na and mica 
expansion was anticipated. This loss of interlayer K and its 
enhancement by an increase in the solution volume are reflected 
in the major changes in the total residual K in the treated 
mica samples. As the mica expanded, however, Fe*^  was exposed 
and readily oxidized. Indeed, it may have been only the oxi­
dation of this exposed Fe** that accounted for the higher 
oxidation levels in the samples treated with larger volumes. 
If so, Fe"^  oxidation and K loss would be related, as was 
shown in Fig. 27, but the rest of the treated mica probably 
persisted in a relatively unaltered state and subsequently 
released its K to NaCl-NaTPB solutions just as it did in un­
treated samples. The use of only a 2-week Brg treatment 
(i.e., a short period for minimum mica alteration) would favor 
this possibility and the existence of 93.6# Fe^  oxidation 
without a change in residual K release behavior seems to 
support it. 
d. Sodium chloride - different periods Two samples 
were prepared by treating lepidomelane with 1000 ml Br^ -
saturated 1 N NaCl at 25°C for 40 minutes and 24 hours. An­
alyses revealed that 34.1 and 56.3?° of the Fe^ * had been oxi­
dized and that the treated samples contained 119 and 114 meq 
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total K/lOO g. Fig. 31 describes the K release that was ob­
served with these treated mica samples. The average curve al­
ready shown in Fig. 30 for mica samples that were treated 
with 150, 7001 and 25OO ml Brg-saturated 1 N NaCl for 2 weeks 
and the K release curve for untreated lepidomelane are in­
cluded in Fig. 31 for comparative purposes. 
The K release curves for the treated mica samples in 
Fig. 31 do not coincide precisely with the untreated mica 
curve and there is some trend toward a slower release of K in 
the samples that were treated with Brg for longer periods. In 
general, however, it is obvious that these Brg treatments had 
a minor effect on the K release behavior of lepidomelane even 
though a wide range of Fe"*"^  oxidation existed. The explana­
tion for these results is the same as that given for the data 
in Fig. 30. In fact, the slight change in K release behavior 
with longer treatment periods provides further support to this 
explanation. As the Brg treatment period was increased, more 
of the mica and Fe"^ "*" not exposed by K exchange and expansion 
was probably altered and its residual K affected. Even the 
2 week period, however, did not permit enough change in the 
contracted portion of the mica to bring about much change in 
its K release behavior. As a result, a wide range of Fe** 
oxidation by large volumes of Br2-saturated 1 N NaCl and 
treatment periods with these large volumes did not produce 
much change in the K release behavior of the mica. 
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Fig. 31. K extracted from Br^ -treated, 10-20 |im lepidomelane samples (portions 
of a larger sample with Pe++ oxidized to different levels by treating 
0.5 g mica with 1000 ml Brp-saturated 1 N NaCl at 25°C for different 
periods) that were placed in NaCl-NaTPB solution for different periods 
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2. Effect of iron oxidation 
The previous section describes the effects of specific 
Brg treatments on the release behavior of all the residual K 
in the treated mica and, thereby, shows some of the effects of 
Fe*^  oxidation. This approach was limited to a few selected 
treatments because large samples were required for the complete 
K release study. Part of every 0.5 g sample of lepidomelane 
that was treated with a Br2 solution to study Fe^ * oxidation, 
K loss, etc., was available, however, for at least one ^  re­
lease test and thus a more detailed study of the changes in K 
exchangeability that occur when Fe^  ^is oxidized by various 
Br2 treatments. 
The extractable K in the various 0.5 g Brg-treated mica 
samples '.vas determined by placing 0.1 g subsamples in NaCl-
NaTPB solutions for 4 days. A 4-day extraction period was 
selected because, as shown in Fig. 28, 29, 30, and 31» it was 
long enough to achieve complete K exchange in untreated 
lepidomelane and short enough to provide a good response to any 
inhibitory effects the Brg treatment or Fe^  ^oxidation might 
have on K release. Only the 0.5 g mica samples that were 
treated with 10 ml Brg-saturated solutions were used in this 
study because the K release behavior of samples treated with 
larger volumes of Brg solutions was already known (Fig. 30 and 
31) to be little affected by Fe^  ^oxidation. The results for 
the samples treated with Br2-saturated H2O are shown in Fig. 
32, whereas those for samples treated with Br^ -saturated 
100 
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Fig. 32. Relationship between the K extracted (4 days in NaCl-NaTPB solution) 
and the levels of Fe++ oxidation attained in 10-20 urn lepidomelane 
samples that were treated with Bro-saturated H^ O at 90°C for differ­
ent periods 
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1 N NaCl or 1 N KCl solutions are shown in Fig. 33. This 
separation of data was designed for clarity only. In the in­
terpretation of these results, it must be kept in mind that 
the 4-day, K extraction values reflect a change in the rate of 
K release, not a change in maximum K exchange. 
Many of the Brg-treated samples with low levels of Fe 
oxidation released all their K in 4 days, just as the untreated 
lepidomelane did. Most of these 100# extracted K values have 
been omitted from Fig. 32 and 33 for the sake of clarity but 
the significance of the initial portion of each curve must be 
kept in mind. Some of this lack of change in K exchangeability 
during the early stages of Fe^  ^oxidation by the Br2 treatments 
may have been due to an insensitivity of the 4-day tests to 
incipient reductions in the K release rate. Still, it is 
evident that different levels of Fe** oxidation had to be 
achieved by the various Brg treatments before observable 
changes in K release occurred. Thereafter, as the degree of 
Fe** oxidation increased, the amount of K released in 4 days 
by the Brg-treated mica decreased. 
The curves in Fig. 32 and 33 describe the changes in ex-
tractable K that occurred when Fe** in the mica samples was 
oxidized by different Brg treatments. Obviously, a linear 
relationship between the oxidized Fe** and extractable K values 
was obtained with each set of Brg-treated samples. And the 
slopes of the curves for the different Br2 treatments are 
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Fig. 33. Relationship between the K extracted (4 days in NaCl-NaTPB solution) and 
the levels of Fe"^  oxidation attained in 10-20 p.m lepidomelane samples 
that were treated with Brp-saturated NaCl or KCI at 90 or léO^ C for dif­
ferent periods 
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oxidation above certain levels had a similar effect on K ex­
changeability even though the treatment was carried out 
at 90 or 160°C and in HgO, IN NaCl, or 1 N KCl. Such results 
suggest that it was the Fe*^  oxidation during the Brg treat­
ment that was responsible for the changes in K exchangeability. 
On the other hand, the data in Fig. 32 and 33 also show a par­
ticular level of Fe"^  ^oxidation in mica samples from different 
Brg treatments did not produce the same change in K exchange­
ability. With 50fo Fe** oxidation, for instance, approximately 
93» 88 and 85^  of the K was released in 4 days by the samples 
that were treated with Br2 in 1 N NaCl at 90°C, H2O at 90°C 
and 1 N KCl at 160°C, respectively. These differences stem 
from the fact that these Br2 treatments did not initiate 
changes in K exchangeability until they oxidized approximately 
30, 20, and 10% of the Fe"^ , respectively. Thus, the redox 
status of Fe in Brg-treated mica may not be the major factor 
that governs their interlayer K release. Indeed, it is quite 
possible that the Brg treatments made other changes in the mica 
that induced both the Fe^ "*" oxidation and the decrease in K 
exc hangeab ility. 
The Brg treatments did not reduce the exchangeability of 
K in lepidomelane as much as might be expected from the redox 
changes in Fe and certainly not nearly as much as was observed 
with thermally oxidized samples (Fig. 18). Even though 85 to 
90^  of the Fe^  was oxidized by the Br^ -H^ O treatment at 90°C, 
75fo of the K was still extracted in a 4-day period. By 
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contrast, a thermal oxidation of 90^  of the Pe^  ^in 5-10 (im 
lepidomelane samples reduced their 3 day, extractable K values 
to a mere 6j5. On the other hand, the Brg treatments induced 
even less change in the exchangeability of K when they were 
carried out with less K blocking. That is, the Br^  treatment 
with 10 ml 1 N NaCl did not reduce the extracted K values as 
much as the Br2-H20 treatments and Brg treatments with large 
volumes of 1 N NaCl had even less effect. Thus, the possible 
effects of Fe^  ^oxidation on K exchangeability are confounded 
by the degree to which layer expansion contributed to the 
redox changes. 
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V. SUMMARY AND CONCLUSIONS 
The purpose of this study was to provide further informa­
tion about the processes and conditions that govern the release 
of interlayer K in micas. Since the significance of the solu­
tion phase, extraction procedure, etc., for an exchange of 
interlayer K has been considered in some detail by others, 
attention was directed mainly to the mineral characteristics 
involved. Moreover, an approach was used whereby the mineral 
was subjected to specific treatments that induce changes in 
both interlayer K exchangeability and related mineral proper­
ties. Wet chemical treatments for Fe** oxidation and thermal 
pretreatments were emphasized in this study because they have 
reportedly caused impressive changes in interlayer K exchange­
ability. 
Previous experiments with heated micas have established 
that both increases and decreases in the rate of K release and 
even changes in the maximum degree of K exchange can be in­
duced by thermal pretreatments. Reductions in the exchange­
ability of K in heated trioctahedral micas have been attributed 
to a thermal oxidation of Fe** and associated changes in OH 
orientation. The enhanced exchangeability observed with 
dioctahedral minerals, on the other hand, is less clear, but 
appears to involve dehydroxylation or spatial adjustments in 
the structure. The effects of thermal treatments on the ex­
changeability of K in micas therefore provides an excellent 
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means of studying the factors that govern interlayer K release. 
Wet chemical treatments that have been used to oxidize 
the structural Fe"*"*" in vermiculite and biotite samples have 
reportedly caused an increase in K-fixation in vermiculite and 
a decrease in the exchangeability of K in biotites. These 
changes have generally been attributed to the conversion of 
structural OH groups to 0 and the changes in the orientation 
of OH dipoles that are brought about by oxidation of octahedral 
Fe"^ .^ In most instances, micas have been converted to an ex­
panded state prior to or during oxidation, but the need for 
prior mineral expansion for the oxidation of Fe*^  in biotite by 
Brg solution has been questioned. It was anticipated that Br2 
treatments would provide a means by which unexpended mica with 
varying degrees of Fe^  oxidation could be prepared for further 
studies on the role of Fe*^  oxidation in interlayer K exchange. 
Determinations of the effects of pretreatments on the ex­
changeability of K depend to a large extent on the nature of 
the solutions and extraction procedures employed, NaCl-NaTPB 
solutions maintain a very low level of K in solution through 
precipitation of the released K as insoluble KTPB and thereby 
minimize any blocking effects of released K on further ex­
change. With NaCl-NaTPB solutions, the mica should be rela­
tively free to release K and thus measured differences in K 
release can be attributed to the mineral properties and not the 
extraction procedure. Therefore, NaCl-NaTPB solutions were 
used to characterize the exchangeability of K in the heated 
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and Brg-treated micas prepared for this study. 
For the heating experiments both dioctahedral and tri-
octahedral micas were selected. These included <50 fim E. mus-
covite, 10-20 |im phlogopite, and 5-10 pm lepidomelane. The 
lepidomelane was selected for its high Fe"*"*" content. The 
phlogopite was included for comparative purposes since it con­
tains very little Fe"*"*" and does not dehydroxylate until it de­
composes at relatively high temperatures. Approximately 98^  of 
the K in unheated samples of these micas proved to be extract-
able with NaCl-NaTPB solutions. However, the extraction peri­
ods required to obtain these maximum levels of K exchange 
varied with the mineral; about 4 years for E. muscovite, 1 
week for phlogopite, and 4 days for lepidomelane. A second 
muscovite (K. muscovite) with a pairticle size range of 10-20 
[im was used for some of the heating experiments. The maximum 
K release for unheated K. muscovite samples was 96^  and re­
quired 24 weeks. 
Various heat treatments were selected to produce all 
levels of Fe^  oxidation in lepidomelane and to achieve both 
Fe^  ^oxidation and dehydroxylation in the muscovite. Several 
0.5 g samples of the different micas were heated for 24 hours 
at temperatures ranging from 110 to 1000®C. In other experi­
ments, 0.5 g samples of the micas were heated at several se­
lected temperatures for periods ranging from 10 minutes to 
2 weeks. 
To determine the effects of particular heat treatments on 
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the exchangeability of K two approaches were selected. In some 
experiments, heated and unheated samples of each mica were 
placed in NaCl-NaTPB solutions for different periods to char­
acterize the effects of heating on the exchangeability of all 
the K. In other experiments the heated and unheated samples 
were placed in NaCl-NaTPB solutions for just one period (1 week 
for E. muscovite and phlogopite and 3 days for lepidomelane). 
In addition to determinations of K exchangeability, samples of 
heated E. muscovite and lepidomelane were used to obtain mea­
surements of dehydroxylation, Fe^  ^oxidation and changes in 
d(OOl) spacing. 
The exchangeability of K in E. muscovite samples was found 
to be relatively unaffected by long periods of heating at 300°C, 
but changes in the exchangeability of K were observed when sam­
ples were heated for 24 hours at temperatures in excess of 
350°C. Apparently, there is a minimum temperature at which 
changes in K release could be increased, but the existence of 
a time-temperature interaction complicated further delineation 
of this minimum temperature. Generally, as the heating tem­
perature or period of heating increased up to a certain point 
the exchangeability of K increased. A maximum in the amount 
of K extracted in a 1 week period was obtained when samples 
were heated at 700°C for 8 days. In this case, 98^  of the K 
was extracted in 1 week whereas only 36^  of the K was extracted 
from unheated samples in 1 week. When E. muscovite samples 
were heated at higher temperatures for even short periods, the 
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exchangeability of K started to decrease. Nevertheless, rela­
tively large amounts of K could still be extracted by using a 
combination of high temperatures and short heating periods. 
For instance, over 93^  of the K could be extracted in 1 week 
from samples heated at 725°C for 24 hours or at 900°C for only 
10 minutes. The exchangeability of K in muscovite responded 
to a wide range of temperatures and heating periods. 
To characterize the effects of heating on the exchange­
ability of all the K, several E. muscovite samples were heated 
at 500f 600, 650, 700, 800, and 900°C for 24 hours and then 
placed in NaCl-NaTPB solution for different periods. The lower 
preheating temperatures, 500 and 60ô°C, were particularly 
effective in enhancing the rate with which the initial incre­
ments of K were extracted. E. muscovite samples that were 
heated at 650 and 700°C exhibited a slower initial release of 
K than those heated at 600°C; however, when longer extraction 
periods (>10 hours) were used, progressively more of the K in 
the mica was released at a faster rate as the preheating tem­
perature was increased from 600 to 650 and 700°C. The mica 
samples heated at 800°C exhibited greater delays in the initial 
release of K than those heated at 700°C; however, this treat­
ment proved to be the most effective in making the greatest 
amount of K exchangeable (965S) in the shortest period (2 weeks). 
It took approximately 2 years to extract 96^  of the K from un­
healed samples. When samples were heated at 900°C, the delay 
in the initial release of K was prolonged and even though a 
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large part of the K was still extracted in a shorter period 
than unheated samples, it may take just as long to reach the 
maximum level of K release. 
K. muscovite samples were heated at 600 or 800°C for 
several different periods and then placed in NaCl-NaTPB solu­
tion for different periods. It was shown that similar changes 
in the exchangeability of all the K were produced in the K. 
muscovite samples that were heated at only two temperatures for 
different periods, as had been produced in the E. muscovite 
samples heated at several different temperatures for 24 hours. 
The period of heating had substantial effects on the ex­
changeability of K in muscovite. The higher temperatures gen­
erally provided the most effective means of increasing the ex­
changeability of K, but longer heating periods could be sub­
stituted for higher temperatures to obtain much of the changes. 
Both increases and decreases in the exchangeability of K in 
muscovite were induced by the heat treatments, but the maximum 
degree of K exchange was unaltered. 
Vhen E. muscovite samples were heated, the d(OOl) of the 
mica increased. The increase in basal spacing (0.09^ 1) was 
probably due to a rearrangement of the mica structure brought 
about by dehydroxylation in the muscovite. Since some of this 
change in the basal spacing can be attributed to increase in 
the interlayer spacing the interlayer K would have to be 
easier to replace in heated samples. 
Weight loss deterroinaticns were used as a measure of the 
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dehydroxylation that occurred in heated E. Muscovite samples. 
The increase in the exchangeability of K in heated E. muscovite 
was linearly related to an increase in dehydroxylation. There­
fore, the increase in the exchangeability of K was probably 
due to the structural alterations brought about by dehydroxyla-
tion. E. muscovite contains very little Pe** and its oxida­
tion was not expected to have an effect on K release. Fe*^  
determinations on heated samples of E. muscovite showed that 
most of the Fe^  ^that was present was oxidized before any of 
the changes in the exchangeability of K had developed. 
The exchangeability of K in lepidomelane samples was found 
to be only slightly affected by prolonged heating at 300°C. 
Substantial reductions in K exchangeability occurred when sam­
ples were heated at 450°C for periods exceeding 1 hour. At 
higher temperatures the amount of K extracted in 3 days was 
appreciably reduced by just a 15 minute heat treatment and 
progressively more as the heating period was increased. When 
samples were heated at 600®C for 24 hours the amount of K ex­
tracted in a 3 day period was reduced from approximately 190 
to less than 20 meq K/lOO g. For a maximum reduction in the 
3 day, exchangeability K values, the lepidomelane samples had 
to be heated at 700°C for at least 24 hours. Similar reduc­
tions in the amount of K extracted in 3 days could be obtained 
by heating samples for relatively long periods at 450 or 500°C 
or for much shorter periods at 600 or 700°C. For instance, 
heating at 700°C for 30 minutes had the same effect as heating 
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at 500°C for 4 days, that is, the amount of K extracted in 3 
days was reduced from approximately 190 to about 60 meq K/lOO 
g. Heat treatments, therefore, reduced the exchangeability of 
K in lepidomelane. The heating periods were just as important 
as heating temperatures above 300°C in causing changes in the 
exchangeability of K in lepidomelane. 
To characterize the changes in the exchangeability of all 
the K, several lepidomelane samples were heated at 400, 450, 
500, 550, 700, 850, and 950°C for 24 hours. Other samples 
were heated for 3 hours and 9 days at 450°C to approximate the 
effects of 24 hour heating at 400 and 500°C, respectively. 
These heated samples were then placed in NaCl-NaTPB solutions 
for different periods. It took approximately 24 weeks to ex­
tract 95^  of the K from lepidomelane samples that were heated 
at 400°C, whereas, only 2 days were required to extract this 
much K from unheated samples. It may take several years to 
extract 95?^  of the K from the samples that were heated at 450 
or 500°C. The K release curves obtained from samples heated 
at 450^ 0 for 3 hours and 9 days provided a very good de­
scription of the K release behavior of the samples that were 
heated at 400 and 500°C for 24 hours, respectively. The rela­
tive impact of heating periods and temperatures was applicable 
to the exchange behavior of all the K and not just a portion 
of it. When lepidomelane samples were heated at 550 and 700°0 
part of the K was made nonexchangeable to NaCl-NaTPB solutions. 
Only 70^  of the K could be extracted from these samples. When 
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samples were heated at 850 and 950^ 0 the rate of K release 
was so slow that it could not be determined if more of the K 
would be made nonexchangeable. Thermal treatments, therefore, 
had a major effect in reducing the exchangeability of K in 
lepidomelane samples. In fact, 30^  of the K was made non-
exchangeable to NaCl-NaTPB solution. While higher heating tem­
peratures were very effective in causing changes in the ex­
changeability of K, appropriate heating periods at lower tem­
peratures were just as good. Therefore, with any heat treat­
ment, it is necessary to specify both the period and tempera­
ture when the degree or causes of the changes in the exchange­
ability of K are to be considered. 
The d(OOl) of lepidomelane samples decreased when the 
mica was heated. This decrease in d(OOl) can be attributed 
to oxidation of Fe"*^  and replacement with smaller Fe*^ * ions 
and the loss of OH groups through deprotonation and dehydroxy-
lation. The maximum reduction in basal spacing was 0.073 X. 
To the extent that this reduction in basal spacing reflects a 
decrease in the distance between adjacent mica layers the 
interlayer K should have been rendered less exchangeable. 
The results presented in this report showed that the de­
crease in the exchangeability of K in heated lepidomelane 
samples was linearly related to the increase in the amount of 
Pe^  ^oxidized. Therefore, Fe** oxidation is probably respon­
sible for the decrease in the exchangeability of K in heated 
lepidomelane samples. The increased strength with which K is 
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held in heated lepidomelane is probably due to a reduction in 
layer separation and a change in the orientation of structural 
OH. 
Dehydroxylation probably has little if any effect on the 
exchangeability of K in heated lepidomelane samples. The 
weight loss that occurred when samples were heated between 
400 and 800°C was only O.7O to 0.85% and this was probably due 
to loss of adsorbed or occluded HgO rather than dehydroxyla­
tion. Samples had to be heated at 950°C for 24 hours before 
substantial weight loss occurred. The effects of heating on 
the exchangeability of K, however, were realized by heating at 
much lower temperatures. 
Phlogopite samples were heated at 450, 600, and 850°C 
for 24 hours and then placed in NaCl-NaTPB solution for dif­
ferent periods. The initial release of K was somewhat reduced 
by these heat treatments, but the maximum amount of K extracted 
was unaffected and also the time required to reach the maximum 
level of K exchange remained relatively unaltered. Other 
samples of phlogopite were heated at temperatures ranging from 
150 to 1000®C for 24 hours and the exchangeability of K deter­
mined by the amount of K extracted in 1 week. The exchange­
ability of K in these samples was found to be little affected 
by preheating temperatures up to 850°G. A substantial reduc­
tion in the amount of K extracted in 1 week did occur when 
samples were heated in excess of 850°C. Nevertheless, the 
exchangeability of K in phlogopite was relatively immune to 
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heat treatments that produced major changes in the exchange­
ability of K in muscovite and lepidomelane. 
The phlogopite contained very little Fe"*"^  (24.2 mmoles/ 
100 g) for oxidation and the OH is thermally more stable than 
in either muscovite or biotite. Therefore, phlogopite remained 
relatively unaltered during heat treatments and consequently, 
the exchangeability of K remained relatively unaffected by the 
heat treatment. Thus, the results obtained with phlogopite 
would strongly suggest that Fe^  oxidation and dehydroxylation 
are responsible for the changes observed in the exchangeability 
of K in the heated micas. 
Brg solutions were used as a second means of studying the 
effects of Fe"^  oxidation on the exchangeability of K in 
lepidomelane samples. Before samples could be prepared for K 
exchangeability studies it was necessary to establish the con­
ditions and procedures necessary for Brg treatment and to veri­
fy the extent to which the Fe^  ^could be oxidized. 
A series of preliminary experiments were set up to obtain 
some general ideas about the experimental conditions that might 
be needed to control the oxidation of Fe^  ^in lepidomelane by 
Brg. In these experiments, 0.5 g of 10-20 [xm lepidomelane were 
treated with Br2-saturated HgO solutions in sealed glass am­
poules. The effects of treatment period, temperature, solu­
tion volume, ampoule size, shaking, and additions of NaCl or 
KCl on the oxidation of Fe"*^ "*" were investigated. It was found 
that substantial oxidation could be achieved with 10 ml of 
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Brg-saturated HgO or 1 N NaCl. Shaking was of no advantage 
and 10 ml glass ampoules proved to be adequate for the small 
volumes of Brg solution. The results of this experiment re­
vealed that K release and interlayer expansion or exposure of 
Fe to Brg promote Fe oxidation in mica. On the other 
I I hand, KCl additions inhibited K release and reduced Fe 
oxidation, but some Fe^ "*" oxidation still occurred in Brg solu­
tions that were saturated with KCl. The reaction temperature 
and period of treatment were also found to have substantial 
effects on Fe^  oxidation and therefore required further 
investigation. 
In a number of additional experiments, several 0.5 g 
samples of 10-20 fim lepidomelane were treated with 10 ml Br2-
saturated H^ O, 1 N NaCl, 1 N KCl, or saturated KCl at 90°C for 
different periods. Other lepidomelane samples were treated 
with 10 ml of Brg-saturated solutions that contained many 
different concentrations of KCl. To provide further informa-
tion about the effects of temperature on Fe oxidation several 
lepidomelane samples were treated with Br^ -saturated 1 N KCl 
at 25 and 160®C and Br^ -saturated HgO at 25°C for different 
periods. The data obtained at these temperatures were compared 
to data obtained at 90°C in other experiments. To investigate 
the effects of particle size on Fe"^ "^  oxidation, samples of 
2-5» 10-20, and 50-60 jim lepidomelane were treated with Br^ -
saturated 1 N KCl at 90°C for different periods. All Brg-
treated samples were washed free of salts, air dried and then 
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analyzed for to determine the extent of Fe"*"^  oxidation 
that occurred. The 10-20 (xm lepidomelane samples that were 
treated with Brg-saturated HgO, 1 N KaCl, 1 N KCl at 90°C 
and 1 N KCl at l60°C were also analyzed for total K to verify 
if K loss had occurred as a result of Brg-treatment. 
In some experiments 10-20 um lepidomelane samples were 
treated with Brg-saturated solutions that promoted K release. 
Several 0.5 g samples of the lepidomelane were placed in 1000 
ml of Brg-saturated 1 N NaCl for different periods at 25°C. 
Other samples of lepidomelane were treated with many different 
volumes of Br2-saturated 1 N NaCl for 2 weeks at 25°C. These 
Brg-treated lepidomelane samples were analyzed for Fe and 
total K. 
At 25°C, 7^  of the Fe"*^  ^ was oxidized in 10-20 fim lepido­
melane samples that were treated with 10 ml Br2-saturated H2O 
for 40 weeks. The rate of Fe^ * oxidation decreased when sam­
ples were treated with Br^ -saturated 1 N KCl so that after 80 
weeks of reaction only yfo of the Fe^  ^wad oxidized. Therefore, 
very little Fe^  ^oxidation occurred at 25°C when K release was 
inhibited by the accumulation of released K or by additions of 
KCl. On the other hand, substantial amounts of Fe^  ^oxidation 
occurred when lepidomelane samples were treated with 10 ml of 
Br2-saturated solution at 90°C. As much as 905S of the Fe"*"*" 
was oxidized in Brg-saturated 1 N NaCl or H2O solutions after 
60 weeks of reaction at 90°C. The initial rate of Fe"^  ^oxida­
tion was somewhat faster in the Br^ -saturated 1 N NaCl 
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solution suggesting that some K exchange and exposure of Fe"^  
to Brg had occurred. In the presence of 1 N KCl the rate of 
Fe^  oxidation was very much depressed, nevertheless, kTfo of 
the Fe"*"^  was still oxidized after 60 weeks of reaction at 90°C. 
A concentration of 0.4 N KCl was almost as effective as 1 N KCl 
in reducing the amount of Fe^ "*" oxidized. This reduction in 
Fe^  ^oxidation was attributed to the blocking effects of K on 
K release from the mica. When the concentration of KCl in the 
Brg solution was increased from 0.4 to 4 N the amount of Fe"*^  
that could be oxidized in 8 weeks gradually decreased. This 
further reduction in Fe^  ^oxidation suggested that the process 
of initiation of K release and mica expansion was being af­
fected. Fe^  oxidation occurred in all Br solutions, even 
in those saturated with KCl. Indeed, 12^  of the Fe** was 
oxidized after 60 weeks of reaction at 90°C in Brg solutions 
that were saturated with KCl. When the temperature of the Brg-
saturated 1 N KCl solution was increased to 160°C the rate of 
Fe"*"^  oxidation increased so that approximately 55?^  of the Fe^  
was oxidized in 50 weeks. The small additional amount of Fe 
oxidized by increasing the temperature from 90 to l60°C did 
not justify the danger from explosions at higher temperatures. 
In fact, several ampoules did explode during the 160°C experi­
ments, therefore, the use of glass ampoules above 90°C cannot 
be recommended. It is obvious that the temperature of the 
Br2-saturated solution had a major effect on the ability of 
I I Brg to oxidize Fe in lepidomelane. K release and interlayer 
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expansion appear to be one of the primary factors governing 
Fe^  oxidation. Even though precautions were taken to prevent 
K release substantial amounts of Fe^  ^were oxidized in lepido-
melane samples treated with Brg-saturated solutions at 90°C. 
The results obtained from the experiments with the 2-5» 
10-20, and 50-60 ^ m lepidomelane samples showed that Fe"^  oxi­
dation by Brg was essentially the same in the 10-20 and 50-60 
m^ size-fractions but was somewhat more rapid initially in the 
finest size-fraction. However, the largest difference in the 
amount of Fe*^  oxidized was only 9^ , and this difference 
gradually disappeared as the reaction period increased. 
Therefore, particle size didn't appear to have much effect on 
Fe"*"^  oxidation. 
Many of the 10-20 |im lepidomelane samples treated with 10 
ml of Brg-saturated HgO, 1 N NaCl, 1 N KCl at 90 or l60°C were 
analyzed for total K. The results showed that K loss occurred 
in all of the Br^ -saturated solutions. After 60 weeks of re­
action at 90°C, approximately 13 and 16^  of the K was lost 
from lepidomelane samples that were treated with Brg-saturated 
HgO and 1 N NaCl, respectively. On the other hand, lepidome­
lane samples that were treated with Brg-saturated 1 N KCl 
at 90°C lost only 4^  of their K after 60 weeks of reaction. 
However, when the temperature of Br^ -saturated 1 N KCl solu­
tion was increased to l6o°C, over 20^  of the K was lost from 
lepidomelane samples that were treated for 30 weeks. K loss 
occurred in all the Brg-treated samples even though KCl was 
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added to prevent K release. 
The K loss that occurred in the lepidomelane samples that 
were treated with 10 ml of Brg-saturated H2O, 1 N NaCl, 1 N 
KCl at 90 or l6o°C was related to the amount of Fe"*"^  oxida­
tion that took place. A linear relationship between the 
percentage values for the K loss and Fe"^  oxidation was ob­
served with each set of Brg-treated lepidomelane samples. As 
the amount of Fe"*"*" oxidation increased, the amount of K lost 
from the lepidomelane samples also increased. The relation­
ship between K loss and Fe"^  ^oxidation suggested that K loss 
was due to a need for charge balance. However, K loss was 
generally quite small and could only account for a small part 
of the charge balance that was required. Furthermore, the 
data showed that the loss of K in terms of meq/100 g was not 
equivalent to the mmoles Fe^ /^100 g that were oxidized. This 
raised the question as to why the percentage values for K loss 
and Fe^  ^oxidation were related. Apparently, the Brg treat­
ment altered an increasing proportion of the mica sample as 
the reaction period increased but in so doing it did not have 
an equal impact on the K content and Fe**. 
The lepidomelane samples that were treated with large 
volumes of Brg-saturated 1 N NaCl showed that Fe^ "*" oxidation 
occurred readily at 25°C when the Fe^ * in the mica was exposed 
to Brg. In several of the samples the ratio of the amount of 
Fe^  ^oxidized in percent to the amount of K released in per­
cent was 2:1. This ratio indicated that K was being lost from 
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alternate mica layers and therefore exposing the Fe^  ^in the 
mica layers on either side of the expaiided layer. The ratio 
of oxidation to K release decreased as the amount of 
K release increased indicating that other expanded and mixed 
layer minerals had developed. 
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This report revealed that substantial amounts of Fe 
oxidation occurred in Brg-treated lepidomelane samples and 
presumably this oxidation by wet chemical methods should in­
hibit K release. Therefore, experiments were carried out to 
determine the effect of the mica alterations and associated 
Fe"^  ^oxidation on the exchangeability of K in Br^ -treated 
lepidomelane samples. Two approaches were used in this study. 
In one, several 0.5 g samples of 10-20 lam lepidomelane 
were treated with 10 ml Brg-saturated HgO at 90°C, 10 ml Brg-
saturated 1 N KCl at 90 and l60°C and different volumes Brg-
saturated 1 N NaCl at 25°C. The treatment periods and volumes 
of Brg-saturated 1 N NaCl were selected to give different lev­
els of Fe"*^  oxidation. The total residual K and Fe"*"*" content 
of the samples were determined and 0.1 g subsamples were placed 
in NaCl-NaT PB solutions to describe the K release behavior of 
these samples. In the second approach a part of every 0.5 g 
sample of 10-20 ^ m lepidomelane that had been prepared in pre­
vious experiments for Fe^ "*" oxidation, K loss, etc., was avail­
able for at least one K release test. Thus, 0.1 g subsamples 
were placed in NaCl-NaTPB solutions for 4 days to characterize 
their K exchangeability. A 4-day extraction period was selected 
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because it was long enough to achieve complete K exchange in 
untreated lepidomelane samples and short enough to provide a 
good response to any inhibitory effect the Brg treatment or 
Fe"*"^  oxidation might have on K release. 
The K release data for samples treated with Br^ -saturated 
H2O or 1 N KCl revealed that the Brg treatment for Fe^  ^oxida­
tion caused some inhibition of K release. The changes in K 
release were smaller than were expected from the oxidation of 
80.7^  Fe^ * in Brg-saturated HgO .^nd 5^ -7?^  Fe^  ^oxidation in 
Brg-saturated 1 N KCl at 160°C. The treatment with Br2-
saturated 1 N KCl at 160°C caused more retardation in K re­
lease behavior than the Br2-saturated HgO treatment even 
though less Fe was oxidized. Apparently, side reactions are 
enhanced at 160°C and are influencing the subsequent K release 
behavior of the Brg-treated mica. There was no evidence of a 
reduction in the maximum degree of K exchange in any of the 
samples. The inhibition in K release was not nearly as great 
as had been reported by Gilkes et al. (1972a, 1973a) or 
Gilkes (1973). 
The K release behavior of the lepidomelane samples that 
were treated with large volumes of Brg-saturated 1 N NaCl was 
relatively unaltered even though 27.2 to 93*6^  of the Fe^ * 
was oxidized in these samples. The high oxidation levels 
achieved in these samples was probably due to oxidation of the 
exposed Fe whereas the Fe present in the unexpanded mica 
was probably unaffected since the Brg treatment was carried 
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out for a relatively short period at 25*^ 0. Thus, the unex-
panded mica probably persisted in a relatively unaltered state 
and subsequently released its K just as it did in untreated 
samples. 
The 4-day K extraction data provided a more detailed 
study of the changes in K exchangeability, that occurred when 
Fe^  was oxidized by the various Brg treatments. Many of the 
samples with low levels of Fe^  ^oxidation released all of their 
K in 4 days just as untreated lepidomelane did. Different 
levels of Fe^  oxidation had to be achieved by the different 
Brg treatments before observable changes in K release occurred. 
Thereafter, the amount of K released in 4 days by the Br2-
treated lepidomelane decreased as the degree of Fe"*"*" oxidation 
increased. A linear relationship between the amounts of Fe^  ^
oxidized and 4-day extractable K values was obtained for each 
treatment. The slopes of the curves for each treatment were 
quite similar indicating that each increment of Fe"*^ "*^  oxidation 
had a similar effect on K exchangeability even though the 
treatments were carried out at 90 or 160°C in HgO, 1 N NaCl or 
1 N KCl. On the other hand, a particular level of Fe^  ^oxida­
tion in the lepidomelane samples from different treatments 
did not produce the same change in K exchangeability. There-
i. 
fore, it was concluded that the oxidation status of Fe" in 
Brg-treated mica may not be the major factor that governs 
interlayer K release. It is quite possible that the Br2 
treatment made other changes in the mica that induced both the 
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oxidation and decrease in K exchangeability. 
The Brg treatments did not reduce the exchangeability of 
K in lepidomelane as much as might be expected from the redox 
changes in Fe and certainly not nearly as much as was observed 
with thermally oxidized samples. The Brg treatments with K 
blocking had some effect in inhibited K release whereas Brg 
treatments with less K blocking (i.e., large volumes of Brg-
saturated 1 N NaCl) did not have much effect on K exchange­
ability. The possible effects of Fe^  ^oxidation on K ex­
changeability are confounded by the degree to which layer 
expansion contributed to the redox changes. 
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